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ABSTRACT 
SEISMIC PERFORMANCE OF MECHANICALLY SPLICED COLUMNS 
THROUGH ANALYTICAL STUDIES 
MATHEW RAY LAVOY 
2020 
Reinforcement continuity in concrete members is traditionally achieved through lap 
splicing.  Mechanical bar splices are an alternative to traditional lap splices.  Mechanical 
bar splices utilize mechanical devices known as bar coupler to connect the ends of 
reinforcing bars.  Bar couplers are common in accelerated bridge construction 
applications at non-critical members but are not allowed in the plastic hinge region of 
bridge columns probably due to a lack of knowledge on how they affect seismic 
performance of columns.  A comprehensive analytical study was carried out to determine 
how bar couplers used at the base of bridge columns affect: 1) column lateral drift 
capacity, and 2) column lateral drift demand.  Modeling methods were proposed and 
validated against test data.  More than 400 pushover analyses and 540 nonlinear dynamic 
analyses were carried out on mechanically spliced columns using the verified models.  
The results from the pushover analyses showed that columns with couplers may reduce 
the displacement ductility capacity up to 45% when compared to conventional cast-in-
place columns.  A trend between coupler length/rigidity and ductility capacity was 
established.  The displacement capacity of bridge columns decreased as the coupler 
length and rigidity increased.  Furthermore, the results from the nonlinear dynamic 
analyses showed that couplers have minimal effect on the seismic drift demand of 
concrete bridge columns when incorporated at the base.  A maximum deviation of 7.23% 
xv 
 
was found when spliced column response was compared to that of the cast-in-place 
reference column.  In general, it was observed that columns spliced with short couplers 
exhibited slightly higher displacement demands compared with conventional unspliced 
columns while columns spliced with long couplers showed slightly lower displacement 
demands compared to conventional columns.  This may be due the fact that columns with 
longer couplers are slightly stiffer than conventional columns thus their displacement 
demands are lower. 
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Chapter 1. Introduction 
 
 
 
 
1.1 Introduction 
Reinforcement continuity in concrete members is traditionally achieved through lap 
splicing, which are made by placing reinforcing bars adjacent to each other, overlapping 
them with enough length to facilitate load transfer between bars and tying them with steel 
wire.  This method has proven to be reliable since concrete was first reinforced.  
Alternatively, mechanical devices may be used to attach the bars.  These connections are 
referred to as “mechanical bar splices” or “bar couplers”.   
Traditional lap splices transfer load between bars through the bond between concrete 
and bars.  However, couplers transfer load between bars through various anchoring 
methods such as threaded connections and grouted sleeves.  Bar couplers are currently 
used in accelerated bridge construction (ABC) for capacity protected members but are 
prohibited for use in the plastic hinge area of bridge columns located in high seismic 
zones.  Couplers are advantageous because: 1) they reduce congestion of longitudinal 
reinforcing bars at joints, 2) they reduce the amount of reinforcing bars saving on 
material costs, and 3) they may allow members to be precast offsite ensuring better 
quality control and reducing construction time. 
If accepted by the US codes, bar couplers may gain popularity for use in ABC 
applications.  Bar couplers are prohibited for use in the plastic hinge region of bridge 
2 
 
columns likely because: 1) there has been a fundamental lack of knowledge on how they 
affect the seismic behavior of bridge columns, 2) a unified experiment has not been 
conducted to determine how varying the coupler types/products and column properties 
such as section geometry, aspect ratio, axial load index, etc. affect the capacity of bridge 
columns. 
1.2 Objectives and Scope 
The objective of this study is to determine the effects of mechanical bar splices on the 
seismic displacement demand and capacity of bridge columns through analyses.  A 
comprehensive parametric study is conducted to achieve this objective.  Nine coupler 
products are selected, and bridge columns are designed with square and circular cross-
sections and a variety of aspect ratios, axial load indices and ductilities.  A total of 405 
pushover analyses and 540 nonlinear dynamic analyses are conducted to determine the 
effect of bar couplers on the seismic performance of bridge columns. 
1.3 Document Outline 
Chapter 1 presents an introduction to this study and a scope of work.  Chapter 2 
presents a review of the literature pertaining to columns with couplers and material 
models for couplers.  Chapter 3 discusses the comprehensive analytical study conducted 
to determine the effect of bar couplers on the displacement capacity of bridge columns.  
Chapter 4 discusses the analytical study conducted to determine the effect of bar couplers 
on the displacement demand of bridge columns.  Finally, Chapter 5 discusses a summary 
of the study and conclusions drawn from the analytical study. 
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Chapter 2. Literature Review 
 
 
 
 
2.1 Introduction 
Mechanical bar splices, or bar couplers, are not currently allowed to be incorporated 
in the plastic hinge region of bridge columns located in high seismic zones.  If allowed, 
mechanical bar couplers might gain popularity in high seismic zones because they can be 
used in new moment-resisting connections to link precast columns to adjoining members.  
Bar couplers physically connect the two pieces of reinforcing bar end to end.  This is 
advantageous because it reduces the amount of steel needed to splice bars thus reducing 
congestion at joints and potentially lower costs since less steel is used when compared 
with traditional lap splices.  When utilized in a new connection, bar couplers allow bridge 
columns to be cast offsite ensuring better quality control during casting and decreasing 
construction time on site.  This chapter focuses on studies pertaining to mechanical bar 
splices, with a special focus on methods for determining their effects on bridge columns. 
2.2 Mechanical Bar Splices 
Mechanical bar splices have generally been classified into six categories based on the 
load transfer mechanism and how they connect two pieces of reinforcement: Swaged 
(SW), Threaded (TH), Headed (HC), Grouted (GC), Shear-Screw (SSC), and Hybrid 
Couplers (HY) (Tazarv and Saiidi, 2016, Dahal et al., 2019).   
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2.2.1 Swaged Couplers 
Swaged couplers connect reinforcing bars through friction. The end of each bar is slid 
into a sleeve which is then pressed by a hydraulic jack to fix the coupler to the bars as 
shown in Fig. 2-1.  As the couplers are swaged together, ribs on the inside of the sleeve 
slightly deform the steel bars to form interlocking grooves.  These couplers are relatively 
large due to the sleeve length required to fix the bars in place.  This length provides good 
stress distribution throughout the bars as no load is concentrated at one point.  Swaged 
couplers require no bar modification in the field but do require special equipment to fix 
the sleeve around the reinforcing bars.   
 
Figure 2-1. Example of a Swaged Coupler (Dahal et al., 2019) 
 
2.2.2 Threaded Couplers 
Threaded couplers transfer load between bars by threads cut into the end of each 
reinforcing bar.  Bars are typically forged to have larger ends where the threads are cut to 
prevent bar failure at the threads.  The bars are connected by screwing into the coupler 
which has matching threads inside.  There are two general types of the threaded couplers.  
The first type as shown in Fig. 2-2a have threads that run parallel to each other.  The 
second type as shown in Fig. 2-2b have tapered threads.  Threaded couplers are among 
the smallest of couplers and have tight construction tolerances. 
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a) Parallel Threaded Coupler (Dahal et al., 2019) b) Tapered Threaded Coupler (www.aleno.com) 
Figure 2-2. Example of Threaded Couplers 
 
2.2.3 Headed Couplers 
Headed couplers have two components as shows in Fig. 2-3.  One male component 
with threads and a female component with matching internal threads.  Each half of the 
coupler is placed on opposing bars and the ends of the bars are forged to make T-shaped 
heads. These heads bear against each other to transfer compressive load and bear against 
the inside of the coupler to transfer tensile load.  Headed couplers are typically the 
smallest couplers produced since the heads do not need to be long to transfer load 
adequately. 
 
Figure 2-3. Example of a Headed Coupler (Dahal et al., 2019) 
 
2.2.4 Grouted Couplers 
Grouted couplers transfer loads through a bond mechanism between a steel sleeve and 
a high-strength grout that is injected into the coupler after placement.  Grouted couplers 
require no bar end preparation and are typically the fastest to install on site.  Grouted 
couplers are typically the largest couplers as shown in Fig. 2-4 and can cause up to a 40% 
reduction in lateral displacement capacity (Haber et al., 2013).  These couplers work well 
for ABC applications because of their ease of installation and high construction 
tolerances.  Grouted couplers were the most common coupler found in the literature. 
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Figure 2-4. Example of a Grouted Coupler (Dahal et al., 2019) 
 
2.2.5 Shear-Screw Couplers 
Shear screw couplers connect reinforcing bars together using friction.  Screws that 
run along the length of the coupler as shown in Fig. 2-5 are used to press the rebar against 
strips on the other sides deforming the bars slightly to interlock with the strips.  Special 
screws are needed to hold the bars in place.  These couplers are usually large since 
several screws are typically needed to adequately splice the bars.   
 
Figure 2-5. Example of a Shear-Screw Coupler (www.bar-us.com) 
 
2.2.6 Hybrid Couplers 
Hybrid couplers can be any combination of the couplers listed above (Fig. 2-6).  One 
common configuration is threaded on one side and grouted on the other as used in large 
scale bridge column tests by Pantelides et al. (2017). Bompa and Elghazouli (2019) used 
hybrid couplers that were swaged on one side and treaded on the other in large scale 
column tests.  These different combinations allow for flexibility in applications for these 
couplers.  For example, the swaged threaded option is advantageous because the 
manufacturer can swage the coupler to the bar and the contractor can complete the 
connection easily in the field with a wrench. 
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Figure 2-6. Example of a Threaded-Grouted Hybrid Coupler (Dahal et al., 2019) 
 
2.3 Material Model for Couplers 
Since couplers vary by size, shape, length, anchoring mechanism, etc. it is 
cumbersome to model their behavior.  A few studies have proposed material models to 
simplify this process (Haber et al., 2015; Tazarv and Saiidi, 2016; Ameli, 2016).  The 
coupler stress-strain material model developed by Tazarv and Saiidi (2016) was adopted 
in the present study and a short review in presented herein. 
2.3.1 Model by Tazarv and Saiidi (2016) 
Figure 2-7 shows a schematic view of a mechanical bar splice and the different 
regions defined by Tazarv and Saiidi.  They theorized that when a spliced bar is in 
tension, only a portion of the coupler length contributes to the elongation of the splice.  
The part of the coupler (βLsp) is rigid and does not contribute to the elongation of the 
splice.  The model utilizes a rigid length factor (β) that is used to estimate how much of 
the coupler contributes to the elongation of the splice.  This factor can be determined 
through experiments and is different for varying sizes and types of couplers.  The coupler 
region (Lcr) includes the coupler length (Lsp) plus 𝛼𝛼 times the bar diameter (𝛼𝛼.𝑑𝑑𝑏𝑏) from 
each end of the coupler.  Under a given tensile force, a reinforcing bar will elongate to a 
strain (εs) while a bar spliced with a coupler will elongate to a smaller strain (εsp) due to 
the rigidity of the coupler as shown in Fig. 2-7b.  Equation 2-1 or 2-2 can be used to 
relate coupler strains to reference unspliced bar strains. 
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𝜀𝜀𝑠𝑠𝑠𝑠
𝜀𝜀𝑠𝑠
=
𝐿𝐿𝑐𝑐𝑟𝑟 − 𝛽𝛽𝐿𝐿𝑠𝑠𝑠𝑠
𝐿𝐿𝑐𝑐𝑟𝑟
 (Eq. 2-1) 
𝜀𝜀𝑠𝑠𝑠𝑠
𝜀𝜀𝑠𝑠
=
(1 − 𝛽𝛽)𝐿𝐿𝑠𝑠𝑠𝑠 + 2𝛼𝛼𝑑𝑑𝑏𝑏
𝐿𝐿𝑠𝑠𝑠𝑠 + 2𝛼𝛼𝑑𝑑𝑏𝑏
 (Eq. 2-2) 
 
  
a) Regions of a Mechanical Bar Splice b) Stress-Strain Model 
Figure 2-7. Stress-Strain Model for Mechanical Bar Splices by Tazarv and Saiidi (2016) 
This model assumes that the connection will fail outside of the coupler region, 
therefore the exact coupler does not need to be modeled and is therefore independent of 
the exact stress properties of the coupler.  Instead, the strain properties of a representative 
piece of bar can be modified to represent the coupler. 
The coupler rigid length factor (𝛽𝛽) is the main factor in determining the modified 
stress-strain relationship of a mechanical bar splice.  Unspliced bars can be represented 
by a coupler rigid length factor of zero and an increasing beta correlates to lower strain 
values. 
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2.3.3.1 Study by Dahal et al. (2019) 
The purpose of this study was to determine the behavior of mechanical bar splices 
through experiment.  Dahal et al. developed a first-of-its-kind database for coupler rigid 
length factors compatible with the modeling method proposed by Tazarv and Saiidi 
(2016).  The study tested over 160 mechanical bar splice samples on No. 5 (16-mm), No. 
8 (24-mm), and No. 10 (32-mm) bars under uniaxial monotonic and cyclic tensile loading 
to failure.  The study recommended the coupler rigid length factors as summarized in 
Table 2-1.  Note that the manufacturer Erico is now called nVent. 
Table 2-1. Coupler Rigid Length Factors Recommended by Dahal et al. (2019) 
 
Dahal et al. also performed a parametric study to investigate the seismic performance 
of bridge columns incorporating different mechanical bar splices using the recommended 
Beta values.  More than 240 pushover analyses were performed on columns with varying 
aspect ratio, axial load index, and ductilities.  A computer model was constructed and 
verified.  The couplers were modeled using the Tazarv and Saiidi model.  The study 
found that the size, type, and length of couplers can significantly affect the ductility of 
bridge columns.  The general trend observed was that columns with longer couplers 
and/or higher Beta exhibited lower displacement capacities. 
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2.4 Mechanically Spliced Columns 
A state-of-the-art review was conducted by Tazarv and Saiidi (2016) collecting and 
detailing all literature on mechanical bar splices and columns incorporating mechanical 
bar splices.  This literature review is intended to be an extension of the state-of-the-art 
review conducted by Tazarv and Saiidi (2016).  A summary of Tazarv and Saiidi (2016) 
is presented first followed by relevant articles published after the study in chronological 
order. 
2.4.1 Study by Tazarv and Saiidi (2016) 
Tazarv and Saiidi (2016) proposed minimum acceptance criteria for couplers to be 
allowed for use in the plastic hinge region of bridge columns.  For a coupler to be 
allowed in the plastic hinge region it must meet both requirements: 
1) The total length of the mechanical bar coupler (Lsp) shall be no greater 
than 15db where db is the diameter of the smaller of the two spliced bars. 
2) A spliced bar shall fracture outside the coupler region regardless of how it 
is loaded.  The coupler region is defined as the length of coupler plus 1.0db 
added to each end of the coupler.  Only ASTM A706 Reinforcing bars 
shall be used in seismic regions. 
No physical columns were tested in this study; however, Tazarv and Saiidi proposed 
modeling methods and design methods for mechanically spliced columns using available 
test data. 
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2.4.2 Haber et al. (2013) 
This study developed new earthquake resistant connections using headed (HC) and 
grouted (GC) couplers.  The connections were developed for accelerated bridge 
construction applications in high seismic regions. To achieve the project objectives, five 
half-scale columns were tested.  Two columns were attached directly to the footing called 
“No Pedestal” (NP) and two were attached to a precast pedestal (PP).  Figure 2-8 shows 
photographs of the precast columns.  The fifth column was a cast-in-place reference 
model.  The columns were subjected to quasi-static cyclic loading until failure.  Figure 2-
9 shows the force-displacement responses of the columns.  The precast columns with 
headed couplers performed similar to the cast-in-place columns. The precast columns 
with grouted couplers achieved a peak drift of 6%, a 40% reduction in comparison to the 
CIP column which achieved a peak drift ratio of 10%.  Haber et al. concluded that 
mechanical bar splices are a viable option for use in accelerated bridge construction in 
high seismic zones. 
  
a) Headed Coupler with Precast Pedestal (HCPP) b) Headed Coupler No Pedestal (HCNP) 
Figure 2-8. Half-Scale Precast Columns Tested by Haber et al. (2014) 
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Figure 2-9. Force-Displacement Responses of Half-Scale Precast Columns by Haber et al. (2014) 
 
2.4.3 Study by Ameli et al (2016) 
This study tested four half-scale bridge columns to determine the seismic 
performance of columns connected at their base with grouted couplers.  Three of the 
specimens were precast with grouted connectors and the fourth was a cast-in-place to 
compare performance.  Figure 2-10 shows details for each of the specimens.  The seismic 
performance of the three precast specimens was evaluated for two alternative locations. 
1) Couplers were placed in the plastic hinge zone with and without intentional debonding. 
2) Couplers were placed in the footing.  The columns were subjected to an axial load 
index (ALI) of 6% and tested quasi-statically under a predetermined drift history up to 
10% or until it was deemed the column had failed.  Figure 2-11 shows the lateral force-
drift curves for each column.  Ameli et al. (2016) determined that all precast alternatives 
in this study were expected to perform adequately in moderate to high seismic regions but 
did note that specimen GGSS-2 (couplers in the footing) performed better than the other 
two precast specimens. 
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Figure 2-10. Half-Scale Precast Columns Tested by Ameli et al. (2016) 
 
Figure 2-11. Force-Drift Responses of Half-Scale Precast Columns Tested by Ameli et al. (2016) 
 
2.4.4 Study by Wang et al. (2018) 
This study tested seven large-scale bridge columns with an approximately square 
cross-section, three of which were relevant to this study.  The other four columns were 
connected using methods other than mechanical bar couplers and were excluded from this 
review.  Two of the three specimens were precast with connections made using grouted 
couplers at the base.  The third was a cast-in-place reference column.  One of the two 
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precast specimens incorporated grouted couplers in the base of the column while the 
other incorporated the grouted coupler into the top of the footing (see Fig. 2-12).  The 
columns were subjected to quasi-static unidirectional loading by a displacement-
controlled actuator.  Figure 2-13 shows the force-displacement response of the three 
columns.  The specimen with couplers embedded at the base of the column had only a 
minor reduction (1.4%) in ductility when compared to the CIP column while the 
specimen with couplers embedded in the footing showed a 15% reduction in column 
ductility.   
  
 
a) CIP Section b) Couplers Embedded in 
Footing 
c) Couplers at Base of Column 
Figure 2-12. Half-Scale Precast Columns tested by Wang et al. (2018) 
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a) CIP Reference Column b) Grouted Coupler in Footing 
 
c) Grouted Coupler in Column Base 
Figure 2-13. Force-Displacement Response of the Large-Scale Columns Tested by Wang et al. 
(2018) 
 
2.4.5 Study by Bompa and Elghazouli (2019) 
This study describes an experimental investigation into the inelastic cyclic 
performance of reinforced concrete members incorporating mechanical reinforcement 
splices.  Four large-scale square beam-column specimens were produced for testing.  
Three specimens incorporated mechanical bar splices in the plastic hind region.  Two 
specimens were connected using parallel threaded couplers.  Furthermore, one of the 
specimens was subjected to an axial load index of 15% during testing while the other was 
subjected to no axial load during testing.  A third specimen was connected using a hybrid 
swaged threaded coupler in the plastic hinge region.  Note that this coupler was 
significantly longer than the threaded coupler used in the other two specimens.  The 
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column spliced with hybrid couplers was not subjected to axial load during testing.  The 
fourth column was a cast-in-place reference column subjected to no axial load during 
testing (See Fig. 2-14). 
The columns were subjected to quasi-static lateral cyclic loading until failure.  Figure 
2-15 gives the lateral force-deformation (δ) plots recorded for each column.  The unique 
naming convention for each column is the pair of two-digit codes after “C300” which 
indicates the length of the side dimension for each column in mm.  “C0-N0” was the CIP 
reference column.  “CS-N0” was the column spliced with the hybrid coupler.  “CC-N0” 
and “CC-N1” were both spliced using the threaded couplers and were subjected to axial 
loads of zero and 15% respectively.  Columns with the threaded coupler and no axial load 
showed performance like the CIP column. The column subjected to 15% axial load 
showed higher lateral resistance and increased stiffness but experienced strength 
degradation due to concrete spalling much earlier than the other two precast specimens.  
The column incorporating the hybrid coupler showed a 36% reduction in lateral 
deformation capacity.   
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Figure 2-14. Schematic of the Large-Scale Columns Tested by Bompa and Elghazouli (2019) 
 
 
Figure 2-15. Force-Displacement Response of the Large-Scale Columns Tested by Bompa and 
Elghazouli (2019) 
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2.4.6 Other Studies 
Ou et al. (2015) conducted double-curvature testing on six square large-scale high-
strength concrete columns.  Three specimens were cast-in-place reference columns and 
three specimens were precast columns with grouted sleeves at the base.  The columns 
were divided into two sets of three based on the amount of axial load applied during 
testing.  The columns were tested with axial load indices of 10% and 33%.  Each set of 
columns were had one cast-in-place reference column.  The other two columns of each 
set were precast with grouted sleeves and the base and transverse hoops made with 
seismic hooks or butt-welded splices.  Ou et al. (2015) found that the columns with butt-
welded transverse reinforcement and grouted splices showed 15% less ductility capacity 
than the same column with standard seismic hooks.  The study also concluded that the 
addition of grouted couplers did not have a significant impact the strength or 
displacement capacity of precast columns with high axial load. 
Han et al. (2018) conducting cyclic testing on five square large-scale.  A combination 
of standard and high-strength longitudinal reinforcement was used for all columns.  The 
high-strength longitudinal reinforcement was used at the corners of the columns while 
standard reinforcement was used elsewhere.  Two specimens were cast-in-place reference 
columns.  The other three specimens were precast with threaded epoxy-injected couplers.  
Note that the precast columns were only connected at the four corners using the threaded 
couplers and high-strength reinforcement.  The standard reinforcement was used for 
construction purposes only.  The volumetric ratio of the transverse reinforcing bars was 
varied between the five columns ranging from 5% to 11%.  The columns were subjected 
to axial load indices varying from 28% to 43% during testing.  The precast column test 
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showed that the spliced columns could sustain stable lateral-load carrying capacity up to 
4%.  Han et al., (2018) concluded that the couplers had little effect on plastic-hinging in 
the precast columns and was an acceptable alternative to cast-in-place columns. 
Liu et al. (2018) conducted large-scale testing on six square concrete columns.  Four 
of the columns were precast with grouted sleeves at the base and two were cast-in-place 
reference columns of similar design.  The longitudinal reinforcement ratio and transverse 
reinforcement ratios of the four precast specimens were varied.  The columns were tested 
under quasi-static reversed cyclic loading to failure.  The columns were subjected an 
axial load index of 41% during testing.  The precast and cast-in-place columns behaved 
similar during testing in terms of displacement capacity and lateral-load carrying 
capacity. 
Xu et al. (2019) tested three large-scale columns spliced at the base with grouted 
sleeve couplers and engineered cementitious composite.  Two of the test specimens were 
precast columns with grouted sleeves at the base.  One of the precast columns used 
regular concrete and the other used engineered cementitious composite.  The third 
specimen was a cast-in-place reference column.  The columns were tested under quasi-
static cyclic loading to failure.  Xu et al. found that the precast columns performed 
similar to the CIP reference columns. 
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Chapter 3. Capacity of Mechanically 
Spliced Columns 
 
 
 
 
3.1 Introduction 
Mechanical bar splices, or bar couplers, are not currently allowed to be incorporated 
in the plastic hinge region of bridge columns located in high seismic zones of the nation.  
If allowed, precast column connections through bar couplers may gain interest for field 
applications.  Previous experimental studies (e.g., Haber et al, 2013; Tazarv and Saiidi, 
2014; and Ameli and Pantelides, 2016) have shown that using mechanical bar splices in 
the plastic hinge region reduces the displacement capacity of reinforced concrete (RC) 
bridge columns up to 40%.  This is largely due to the reduced strain capacity of couplers 
compared with that of unspliced reinforcing bar (Tazarv and Saiidi, 2016).  Dahal et al. 
(2019) tested more than 160 mechanical bar splices under monotonic and cyclic loading 
and established the first-of-its-kind database of the coupler performance using a new 
standard testing method.  However, the seismic performance of mechanically spliced 
bridge columns through a systematic and unified experiment has yet to be investigated.  
A few analytical studies investigated the seismic performance of mechanically spliced 
columns and proposed methods to analyze and design them (e.g. Haber et al., 2015; 
Tazarv and Saiidi, 2015; Ameli et al., 2016, Dahal et al., 2019).  The analytical findings 
were generally in-line with the experimental findings.   
23 
 
A comprehensive parametric study was conducted in the present analytical work to 
determine the effect of nine mechanical bar couplers on the displacement capacity of 
precast bridge columns.  Twenty-two columns were designed with a circular cross-
section and twenty-three columns were designed with a square cross-section.  The aspect 
ratio, axial load index, and ductility target were varied for each of the columns.  A finite 
element model was constructed, verified, and a pushover analysis was performed for each 
column-coupler using the validated model.  This chapter discusses the design of cast-in-
place (CIP) columns, modeling methods, and the results of the parametric study. 
3.2 Design and Modeling Methods for Conventional Cast-In-Place Columns 
Twenty-two cast-in-place (CIP) columns with a circular section (Table 3-1) and 
twenty-three CIP columns with a square section (Table 3-2) were designed to serve as 
reference models without any splicing.  Note that twenty-seven combinations were 
feasible per section type by varying the column parameters discussed below.  However, 
some of the tall column models with high axial loads could not be analyzed due to 
convergence issues when P-Δ effects were included.  Therefore, those column models 
were removed from further analysis.   
All CIP columns had 4-ft (1.22-m) diameter (circular cross-sections) or 4-ft (1.22-m) 
side dimensions (square cross-sections).  Figure 1 shows the column detailing and 
sections.  The column aspect ratio (AR), the column axial load index (ALI), and the 
column displacement ductility (D or µ) were varied to cover a wide range of practical 
bridge columns.  AR is defined as the ratio of the column lateral displacement to the 
column height, ALI is the ratio of the column axial load to the product of the column 
cross-sectional area and the column concrete compressive strength.  D is the ratio of the 
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column ultimate displacement to the column idealized yield point as defined in AASHTO 
(2014).  Three ARs of 4, 6, and 8 were chosen corresponding to column heights of 16-ft 
(4.88-m), 24-ft (7.32-m), and 32-ft (9.75-m), respectively.  Furthermore, three ALIs of 
5%, 10%, and 15% and three target ductilities of 3, 5, and 7 were included in the design.  
Tables 3-1 and 3-2 also provides the transverse reinforcement details for each of the 
combinations that could be designed for the circular and square columns, respectively.  
The naming convention of each column refers to the specific set of design parameters 
assigned to each individual column.   
A three-dimensional finite element model with six degrees of freedom was used to 
simulate the CIP column behavior in OpenSees (2016).  P-Δ effects were included in the 
model.  A single “forceBeamColumn” element was used to model the entire length of the 
CIP columns since the section was consistent throughout.  The CIP column section were 
modeled as uniaxial fiber sections as described in detail below.  Figure 3-1 shows a 
schematic view of the CIP column analytical model.  The circular section details shown 
in Table 3-1 were designed with Eighteen No.10 (32-mm) longitudinal reinforcing bars 
(𝜌𝜌𝐿𝐿 = 1.26%). The square section details presented in Table 3-2 were designed with 24 
No.10 (32-mm) longitudinal bars evenly spaced around the sections (𝜌𝜌𝐿𝐿 = 1.32%). All 
reinforcing bars were modeled with AASHTO expected steel properties for ASTM A706 
Gr.60 (414-MPa) steel. 
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Figure 3-1. Cast-in-Place Reference Columns 
Table 3-1. Details of Circular CIP Columns 
Circular Column 
ID Transverse Reinforcement Details 
Ultimate Drift 
Ratio (%) 
Ductility 
(µ) 
CIP-AR4-ALI5-D3 No.3 (10-mm) Hoops @ 11-in. (279-mm) 1.66 2.96 
CIP-AR4-ALI5-D5 No.4 (13-mm) Hoops @ 4-in. (102-mm) 3.19 4.91 
CIP-AR4-ALI5-D7 No.5 (16-mm) Hoops @ 4.5-in. (114-mm) 4.62 6.90 
CIP-AR4-ALI10-D3 No.3 (10-mm) Hoops @ 5-in. (127-mm) 1.66 3.02 
CIP-AR4-ALI10-D5 No.5 (16-mm) Hoops @ 4.5-in. (114-mm) 3.01 4.94 
CIP-AR4-ALI10-D7 No.7 (22-mm) Hoops @ 5.5-in. (140-mm) 4.45 7.06 
CIP-AR4-ALI15-D3 No.4 (13-mm) Hoops @ 6-in. (152-mm) 1.65 3.05 
CIP-AR4-ALI15-D5 No.6 (19-mm) Hoops @ 5-in. (127-mm) 3.11 5.10 
CIP-AR4-ALI15-D7 No.7 (22-mm) Hoops @ 4.5-in. (114-mm) 4.41 7.00 
CIP-AR6-ALI5-D3 No.3 (10-mm) Hoops @ 10-in. (254-mm) 2.53 3.01 
CIP-AR6-ALI5-D5 No.4 (13-mm) Hoops @ 4-in. (102-mm) 4.67 5.08 
CIP-AR6-ALI5-D7 No.4 (13-mm) Hoops @ 3-in. (76-mm) 6.56 7.05 
CIP-AR6-ALI10-D3 No.4 (13-mm) Hoops @ 10-in. (254-mm) 2.35 3.05 
CIP-AR6-ALI10-D5 No.5 (16-mm) Hoops @ 5-in. (127-mm) 4.18 4.98 
CIP-AR6-ALI10-D7 No.5 (16-mm) Hoops @ 3-in. (76-mm) 5.86 6.81 
CIP-AR6-ALI15-D3 No.4 (13-mm) Hoops @ 7.5-in. (191-mm) 2.21 2.95 
CIP-AR6-ALI15-D5 No.7 (22-mm) Hoops @ 7-in. (178-mm) 4.16 5.07 
CIP-AR8-ALI5-D3 No.3 (10-mm) Hoops @ 12-in. (305-mm) 3.22 3.01 
CIP-AR8-ALI5-D5 No.4 (13-mm) Hoops @ 4.5-in. (114-mm) 5.68 4.98 
CIP-AR8-ALI5-D7 No.4 (13-mm) Hoops @ 3-in. (76-mm) 7.64 6.64 
CIP-AR8-ALI10-D3 No.3 (10-mm) Hoops @ 7.5-in. (191-mm) 2.89 2.98 
CIP-AR8-ALI15-D3 No.5 (16-mm) Hoops @ 5-in. (127-mm) 3.06 3.00 
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Table 3-2. Details of Square CIP Columns 
Square Column ID Transverse Reinforcement Details Ultimate Drift Ratio (%) 
Ductility 
(µ) 
CIP-AR4-ALI5-D3 No.3 (10-mm) Ties @ 12-in. (305-mm) 1.69 3.13 
CIP-AR4-ALI5-D5 No.5 (16-mm) Ties @ 12-in. (305-mm) 2.89 4.98 
CIP-AR4-ALI5-D7 No.5 (16-mm) Ties @ 7.5-in. (191-mm) 4.27 7.00 
CIP-AR4-ALI10-D3 No.3 (10-mm) Ties @ 8-in. (203-mm) 1.51 3.02 
CIP-AR4-ALI10-D5 No.4 (13-mm) Ties @ 5-in. (127-mm) 2.81 4.93 
CIP-AR4-ALI10-D7 No.7 (22-mm) Ties @ 10-in. (254-mm) 4.03 6.83 
CIP-AR4-ALI15-D3 No.4 (13-mm) Ties @ 9.5-in. (241-mm) 1.49 2.98 
CIP-AR4-ALI15-D5 No.5 (16-mm) Ties @ 6-in. (152-mm) 2.81 5.02 
CIP-AR4-ALI15-D7 No.6 (19-mm) Ties @ 5.5-in. (140-mm) 4.07 6.90 
CIP-AR6-ALI5-D3 No.3 (10-mm) Ties @ 12-in. (305-mm) 2.50 3.16 
CIP-AR6-ALI5-D5 No.4 (13-mm) Ties @ 8-in. (203-mm) 4.23 5.04 
CIP-AR6-ALI5-D7 No.6 (19-mm) Ties @ 11-in. (279-mm) 5.95 6.84 
CIP-AR6-ALI10-D3 No.3 (10-mm) Ties @ 8-in. (203-mm) 2.25 3.08 
CIP-AR6-ALI10-D5 No.4 (13-mm) Ties @ 5.5-in. (140-mm) 3.92 4.96 
CIP-AR6-ALI10-D7 No.5 (16-mm) Ties @ 3-in. ( 76-mm) 5.55 6.94 
CIP-AR6-ALI15-D3 No.4 (13-mm) Ties @ 10-in. (254-mm) 2.17 3.00 
CIP-AR6-ALI15-D5 No.7 (22-mm) Ties @ 7-in. (178-mm) 3.84 4.92 
CIP-AR8-ALI5-D3 No.3 (10-mm) Ties @ 12-in. (305-mm) 3.24 3.18 
CIP-AR8-ALI5-D5 No.4 (13-mm) Ties @ 8.5-in. (216-mm) 5.35 5.05 
CIP-AR8-ALI5-D7 No.6 (19-mm) Ties @ 11-in. (279-mm) 7.48 6.99 
CIP-AR8-ALI10-D3 No.3 (10-mm) Ties @ 8.5-in. (216-mm) 2.89 3.04 
CIP-AR8-ALI10-D5 No.4 (13-mm) Ties @ 6-in. (152-mm) 4.90 5.05 
CIP-AR8-ALI15-D3 No.3 (10-mm) Ties @ 5-in. (127-mm) 2.83 3.04 
 
 
3.3 Design and Modeling Methods for Mechanically Spliced Columns 
The detailing of the CIP columns was modified by incorporating bar couplers at the 
column base.  Figures 3-2 and 3-3 respectively show the circular and square column 
sections spliced with different bar couplers.  The longitudinal bars of the spliced columns 
were shifted inward to accommodate different couplers with different geometries.  
Nevertheless, other design parameters and detailing were kept the same as the reference 
CIP columns.   
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(a) Cast-in-Place (CIP) (b) Precast w/ Threaded Couplers (nVent) 
(c) Precast w/ Grouted Couplers 
(Dayton Superior Corp.) 
   
   
(d) Precast w/ Headed Couplers 
(Headed Reinforcement Corp.) 
(e) Precast w/ Swaged Couplers 
(Bar Splice Products, Inc.) 
(f) Precast w/ Hybrid Couplers 
(Dextra Group) 
   
   
(g) Precast w/ Threaded 
Couplers (Dextra Group) 
(h) Precast w/ Grouted Sleeves 
(Splice Sleeve North America, 
Inc.) 
(i) Precast w/ Hybrid Couplers 
(nVent) 
Figure 3-2. Mechanically Spliced Circular Column Sections 
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(a) Cast-in-Place (CIP) (b) Precast w/ Threaded Couplers (nVent) 
(c) Precast w/ Grouted Couplers 
(Dayton Superior Group) 
   
   
(d) Precast w/ Headed Couplers 
(Headed Reinforcement Corp.) 
(e) Precast w/ Swaged Couplers 
(Bar Splice Products, Inc.) 
(f) Precast w/ Hybrid Couplers 
(Dextra Group) 
   
   
(g) Precast w/ Threaded 
Couplers (Dextra Group) 
(h) Precast w/ Grouted Sleeves 
(Splice Sleeve North America, 
Inc.) 
(i) Precast w/ Hybrid Couplers 
(nVent) 
Figure 3-3. Mechanically Spliced Square Column Sections 
 
The mechanically spliced bridge columns were modeled following the method 
proposed by Tazarv and Saiidi (2016).  Figure 3-4 shows a schematic view of the column 
analytical model.  A three-dimensional finite element model with six degrees of freedom 
was used to simulate the column behavior in OpenSees (2016).  P-Δ effects were 
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included in the static pushover analysis.  A single “forceBeamColumn” element was used 
to model the entire length of the CIP columns since the section was consistent 
throughout.  Columns with couplers at their base were modeled with three elements as 
shown in Fig. 3-1.  Element 1 was modeled as a “zeroLength” element.  This element 
was to monitor the stress-strain behavior of steel and concrete fibers at the column base 
to determine the displacement capacity.  Elements 2 and 3 were modeled as 
“forceBeamColumn” elements.  Five integration points were used for all elements except 
for the “zeroLength” element used in the coupler sections.  More details regarding the 
spliced column analytical model are presented in the following sections.   
 
Figure 3-4. Mechanically Spliced Column Analytical Model (Tazarv and Saiidi, 2016) 
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Stress-strain data was collected for the extreme concrete and steel fibers.  
Displacement at the top of the column and shear force at the base of the column were also 
recorded.  The column failure was defined when the following limit states, whichever 
happened first, met:  
1) Extreme steel fiber reached the ultimate tensile strain. 
2) Extreme concrete core fiber reached the ultimate compressive strain. 
3) The column lateral load carrying capacity reduced by 15% compared with 
the column lateral strength. 
3.3.1 Reinforcing Steel Bar Material Model 
The longitudinal reinforcement was modeled using a uniaxial material model named 
“ReinforcingSteel”.  All bars were assumed to be No. 10 (36-mm diameter) ASTM A706 
Grade 60 (414 MPa) reinforcing steel bars.  Table 3-3 presents the AASHTO expected 
mechanical properties (AASHTO, 2014) for these bars.  These steel properties (Table 3-
3) were used in Element 1 of the CIP column model and Elements 1 and 3 of the spliced 
column model (Fig. 3-1).   
Table 3-3. AASTHO Expected Properties for No. 10 (32-mm) ASTM A706 Gr. 60 Reinforcing Bars 
Property Notation ASTM A 706 Gr.60 (414 MPa) 
Expected Yield Stress, ksi (MPa) fye 68 (469) 
Expected Tensile Strength, ksi (MPa) fue 95 (655) 
Expected Yield Strain εye 0.0023 
Onset of Strain Hardening εsh 0.0115 
Ultimate Tensile Strain εsu 0.12 
Modulus of Elasticity, ksi (MPa) Es 29,000 (200,000) 
 
 
3.3.2 Mechanical Bar Splice Material Model 
In OpenSees, the stress-strain behavior of bar couplers was modeled using the 
“ReinforcingSteel” uniaxial material model.  However, the critical points of such material 
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model must be adjusted due to the coupler effect.  The properties for each coupler were 
calculated using the model proposed by Tazarv and Saiidi (2016) as described in Chapter 
2.  Based on this model, the coupler rigid length factor and the physical length of the 
coupler have the most influence on the mechanical properties of a splice.   
Table 3-4 presents the key parameters of bar couplers used in this study including the 
coupler length (Lsp) and the coupler rigid length factor (β).  The length was taken from 
the manufacturer’s product datasheet for each coupler and the coupler rigid length factors 
for No. 10 (32-mm) bar splices were those recommended by Dahal et al. (2019).  Table 
3-5 presents the mechanical properties calculated for each coupler using Tazarv’s model.  
Coupler does not change the strength of a bar.  Therefore, the splice yield (𝑓𝑓𝑦𝑦
𝑠𝑠𝑠𝑠) and 
ultimate strength (𝑓𝑓𝑢𝑢
𝑠𝑠𝑠𝑠) were set equal to those for unspliced steel bars.  The two threaded 
(TH) couplers produced by Dextra Group were grouped together since there was only a 
marginal difference between the two products.  The properties of the Bartec Position 
Splice were used to represent TH in this study. 
Table 3-4. Selected Couplers and Corresponding Properties 
Coupler Manufacturer Coupler Model β Lsp, in. (mm) 
HR Headed Reinforcement Corp. 
Xtender® 500/510 
Standard Coupler 0.55 3.75 (95) 
TH Dextra Group Bartec Standard Splice 1.60 2.76 (70) 
TH Dextra Group Bartec Position Splice 1.65 2.76 (70) 
THT nVent Lenton Plus, Standard Coupler (A12) 1.05 4.23 (107) 
SW Bar Splice Products, Inc. BarGrip® XL 0.95 8.30 (211) 
GSN Splice Sleeve North America, Inc. NMB 0.85 17.91 (455) 
GSD Dayton Superior Group D410 Sleeve-Lock® Grout Sleeve 0.65 17.99 (457) 
HYD Dextra Group Griptec® 0.85 11.81 (300) 
HYE nVent Lenton Interlock 0.80 10.82 (275) 
 
Note: “β” values were for No. 10 (32-mm) bars (Dahal et al., 2019) 
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Table 3-5. Calculated Coupler Mechanical Properties 
Coupler Essp, ksi (MPa) Esh
sp, ksi 
(MPa) εy
sp εshsp εusp 
HR 43,148 (297,505) 1,785 (12,308) 0.00158 0.00773 0.08065 
TH 173,869 (1,198,827) 7195 (49,610) 0.00039 0.00192 0.02002 
TH 206,032 (1,420,590) 8525 (58,780) 0.00033 0.00162 0.01689 
THT 84,316 (581,359) 3489 (24,057) 0.00081 0.00396 0.04127 
SW 106,382 (733,504) 4402 (30,352) 0.00064 0.00313 0.03271 
GSN 113,470 (782,376) 4695 (32,372) 0.00060 0.00294 0.03067 
GSD 67,376 (464,558) 2788 (19,223) 0.00101 0.00495 0.05165 
HYD 96,521 (665,512) 3994 (27,539) 0.00070 0.00346 0.03605 
HYE 82,364 (567,900) 3408 (23,498) 0.00083 0.00405 0.04225 
 
 
3.3.3 Modeling of Mechanically Spliced Columns with Circular Sections 
The diameter of all circular columns was 4-ft (1.22-m).  The core concrete was 
discretized into 30×10 fibers (as schematically shown in Fig. 3-4) and “Concrete01” 
material model was used for these fibers.  The cover concrete was discretized into 10×10 
fibers, which were modeled using the “Concrete01” material model.  Clear cover defined 
as the distance between the column surface to the exterior of the confining reinforcement 
was 2-in. (51 mm).  Steel hoops conforming to the ASTM A706 Grade 60 (414 MPa) 
(2009) requirements were used to confining the circular sections.  The confinement 
properties of the core concrete were calculated using the model proposed by Mander et 
al. (1988).  The cover concrete compressive strength for was set at 5-ksi (34 MPa).  The 
confinement varied to achieve the target ductility specified for each column.  The 
columns were longitudinally reinforced with 18 No. 10 (32-mm) ASTM A706 Grade 60 
(414 MPa) reinforcing bars resulting in a longitudinal reinforcement ratio (𝜌𝜌𝐿𝐿) of 1.26%.   
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3.3.4 Modeling of Mechanically Spliced Columns with Square Sections 
The side dimension of all square columns was set at 4-ft (1.22-m).  The core concrete 
was discretized into 16×16 rectangular fibers (as schematically shown in Fig. 3-4).  The 
core patch began at the center of the column and extended outward ending at the center of 
the outer ring of confining reinforcement.  The cover concrete at each side of the section 
was discretized into 16×4 fibers.  The inner boundary of the cover patches was set at the 
center of the outer ring confining reinforcement.  “Concrete01” material was used for 
both the core and cover concrete fibers. 
The unconfined compressive strength of the concrete was set at 5-ksi (34-MPa).  The 
core concrete properties were calculated using the Mander’s model (Mander et al., 1988).  
Four ASTM A706 Gr. 60 (414-MPa) reinforcing bars (legs) were used in each direction 
as the confining reinforcement.  The size and spacing of the confining reinforcement 
were varied to achieve the desired ductility for each column.  Twenty-four No. 10 (32-
mm) ASTM A706 Grade 60 (414-MPa) reinforcing steel bars evenly distributed around 
the section were used as the longitudinal reinforcement in each column resulting in a 
longitudinal reinforcement ratio (𝜌𝜌𝐿𝐿) of 1.32%.   
3.3.5 Mechanically Spliced Column Model Method Verification 
Haber et al. (2013) tested a half-scale circular precast column that used grouted 
couplers at the base to connect the column to the foundation.  The column, which was 
labeled as GCNP, test data was used to verify that the proposed modeling method 
discussed above.  Table 3-6 presents the key parameters of the analytical model such as 
the column geometry and measured material properties.  An analytical modeling method 
similar to that shown in Fig. 3-4 was developed.  The measured properties of steel bars 
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and concrete were used in the analysis.  The coupler stress-strain behavior was estimated 
based on a Beta that was calculated using a tensile test results for the No. 8 (25-mm) 
grouted coupler used in GCNP.    
Figure 3-5 shows of the measured and calculated force-drift relationships for GCNP.  
The initial stiffness was overestimated by 95% compared with that from the test and the 
lateral strength of the column was underestimated by 11%.  Nevertheless, the column 
displacement capacity was well estimated using the proposed method.  The actual 
grouted coupler column failed at a drift ratio of 5.95% while the analytical model 
estimated the column failure to be at a drift ratio of 6.07%, only a 2% difference.  Since 
(1) the main effect of couplers is on the displacement capacity of a column and (2) the 
most important design parameter in a displacement-based design is the displacement, the 
proposed modeling method is viable.   
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Table 3-6. Key Parameters of GCNP (Haber et al. 2013) Used in Mechanically Spliced Column 
Model Verification 
General Properties 
Section Geometry Circular 
Column Height, ft (m) 9 (2.74) 
Column Diameter, ft (m) 2 (0.61) 
Longitudinal Reinforcement 11 No. 8 (25.4-mm) Bars 
Cover, in. (mm) 1.75 (44.5) 
Axial Load, kips (kN) 208 (925) 
Steel Reinforcement Properties 
Measured Yield Strength, ksi (MPa) fy = 66.8 (460.6) 
Measured Ultimate Strength, ksi (MPa) fu = 111.3 (767.4) 
Ultimate Strain εu = 0.09 
Young's Modulus, ksi (MPa) E = 29,000 (200,000) 
Cover Concrete Properties 
Measured Unconfined Compressive Strength, psi (MPa) f'c = 4228.0 (29.2) 
Strain at Peak Stress εc = 0.002 
Ultimate Concrete Strain εu = 0.005 
Coupler Properties 
Rigid Length Factor β = 0.7 
Coupler Length, in. (mm) Lsp = 14.57 (370) 
Calculated Yield Strength, ksi (MPa) fysp =  66.8 (460.6) 
Calculated Ultimate Strength, ksi (MPa) fucsp =  111.3 (767.4) 
Calculated Yield Point εysp = 0.0009 
Calculated Onset of Strain Hardening εshsp = 0.0019 
Calculated Ultimate Strain εusp = 0.0346 
Core Concrete Properties (Mander et al., 1988) 
Confining Reinforcement, in (mm):  No.3 bars (10) Spirals @ 2-in (51) Pitch 
Calculated Confined Compressive Strength, psi (MPa) f'cc = 6384.0 (44.0) 
Calculated Strength at Ultimate Strain, psi (MPa) f'cu = 5945.6 (41.0) 
Calculated Strain at Peak Stress εcc = 0.0082 
Calculated Ultimate Concrete Strain εcu = 0.025 
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Figure 3-5. Measured and Calculated Force-Drift Relationships for GCNP Column for Mechanically 
Spliced Column Model Verification. 
 
3.4 Results of Parametric Analysis 
Twenty-two circular and twenty-three square columns were included in the analysis 
as the reference CIP columns.  Furthermore, eight different coupler products were 
incorporated at the base of each CIP to investigate the seismic performance of 
mechanically spliced columns.  A total of 405 bridge columns were analyzed in the 
present study using a static pushover method to determine the column behavior.  The 
results of the pushover analyses are summarized herein.  
3.4.1 Pushover Results for Circular Columns  
The pushover results for each circular CIP column and its eight corresponding 
mechanically spliced columns were superimposed in a figure to better comment on the 
coupler effects (Fig. 3-6 to 3-27).  It can be seen that incorporating mechanical bar 
splices in the plastic hinge region of precast columns generally reduces the column 
displacement capacity and slightly increases the column lateral strength. The columns 
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with HR couplers exhibited the largest displacement capacities among spliced columns 
and columns with GD couplers showed the lowest displacement capacities.  For example, 
the circular AR4-ALI10-D7 column spliced with HR couplers exhibited 12.3% lower 
displacement capacity than its corresponding CIP column, and the circular AR4-ALI10-
D7 column spliced with GSN couplers exhibited a 39.6% lower displacement capacity 
compared to its corresponding CIP.  The GSN couplers typically showed the most 
increase in base shear.  Nevertheless, the lateral strength of mechanically spliced columns 
was no more than 7.56% compared to their corresponding CIPs.   
  
Figure 3-6. Pushover Analysis for Circular AR4-
ALI5-D3 
Figure 3-7. Pushover Analysis for Circular AR4-
ALI5-D5 
  
Figure 3-8. Pushover Analysis for Circular AR4-
ALI5-D7 
Figure 3-9. Pushover Analysis for Circular AR4-
ALI10-D3 
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Figure 3-10. Pushover Analysis for Circular 
AR4-ALI10-D5 
Figure 3-11. Pushover Analysis for Circular 
AR4-ALI10-D7 
  
Figure 3-12. Pushover Analysis for Circular 
AR4-ALI15-D3 
Figure 3-13. Pushover Analysis for Circular 
AR4-ALI15-D5 
  
Figure 3-14. Pushover Analysis for Circular 
AR4-ALI15-D7 
Figure 3-15. Pushover Analysis for Circular 
AR6-ALI5-D3 
  
Figure 3-16. Pushover Analysis for Circular 
AR6-ALI5-D5 
Figure 3-17. Pushover Analysis for Circular 
AR6-ALI5-D7 
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Figure 3-18. Pushover Analysis for Circular 
AR6-ALI10-D3 
Figure 3-19. Pushover Analysis for Circular 
AR6-ALI10-D5 
  
Figure 3-20. Pushover Analysis for Circular 
AR6-ALI10-D7 
Figure 3-21. Pushover Analysis for Circular 
AR6-ALI15-D3 
  
Figure 3-22. Pushover Analysis for Circular 
AR6-ALI15-D5 
Figure 3-23. Pushover Analysis for Circular 
AR8-ALI5-D3 
  
Figure 3-24. Pushover Analysis for Circular 
AR8-ALI5-D5 
Figure 3-25. Pushover Analysis for Circular 
AR8-ALI5-D7 
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Figure 3-26. Pushover Analysis for Circular 
AR8-ALI10-D3 
Figure 3-27. Pushover Analysis for Circular 
AR8-ALI15-D3 
 
3.4.2 Pushover Results for Square Column  
A single pushover plot was generated for each column, to show the effect of using 
couplers on the displacement capacity of circular precast concrete bridge columns.  Each 
plot contains the force-drift response of the CIP reference column and the eight spliced 
columns with the same design parameters as the corresponding CIP column.  Figures 3-
28 to 3-50 show the pushover (force-drift) plot for each square column.  The figures 
indicate that adding mechanical bar couplers to the plastic hinge region of precast 
columns reduces the seismic displacement capacity of square precast columns. Similar to 
the circular columns, it appears HR couplers cause the least reduction.  For example, the 
Square AR4-ALI5-D7 column spliced with HR couplers exhibited 13.9% less 
displacement capacity than the CIP reference column.  GS couplers appear to cause the 
most reduction in seismic displacement similar to what was observed for the circular 
columns.  For example, for the Circular AR4-ALI5-D7 column spliced with GSN 
couplers exhibited a 40.9% reduction in lateral displacement capacity. 
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Figure 3-28. Pushover Analysis for Square    
AR4-ALI5-D3 
Figure 3-29. Pushover Analysis for Square  
AR4-ALI5-D5 
  
Figure 3-30. Pushover Analysis for Square  
AR4-ALI5-D7 
Figure 3-31. Pushover Analysis for Square  
AR4-ALI10-D3 
  
Figure 3-32. Pushover Analysis for Square  
AR4-ALI10-D5 
Figure 3-33. Pushover Analysis for Square  
AR4-ALI10-D7 
  
Figure 3-34. Pushover Analysis for Square  
AR4-ALI15-D3 
Figure 3-35. Pushover Analysis for Square  
AR4-ALI15-D5 
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Figure 3-36. Pushover Analysis for Square  
AR4-ALI15-D7 
Figure 3-37. Pushover Analysis for Square  
AR6-ALI5-D3 
 
 
Figure 3-38. Pushover Analysis for Square  
AR6-ALI5-D5 
Figure 3-39. Pushover Analysis for Circular 
AR6-ALI5-D7 
 
 
Figure 3-40. Pushover Analysis for Square  
AR6-ALI10-D3 
Figure 3-41. Pushover Analysis for Square  
AR6-ALI10-D5 
  
Figure 3-42. Pushover Analysis for Square  
AR6-ALI10-D7 
Figure 3-43. Pushover Analysis for Square  
AR6-ALI15-D3 
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Figure 3-44. Pushover Analysis for Square  
AR6-ALI15-D5 
Figure 3-45. Pushover Analysis for Square  
AR8-ALI5-D3 
  
Figure 3-46. Pushover Analysis for Square  
AR8-ALI5-D5 
Figure 3-47. Pushover Analysis for Square  
AR8-ALI5-D7 
  
Figure 3-48. Pushover Analysis for Square  
AR8-ALI10-D3 
Figure 3-49. Pushover Analysis for Square  
AR8-ALI10-D5 
 
Figure 3-50. Pushover Analysis for Square AR8-ALI15-D3 
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3.4.3 Summary of Pushover Analyses 
Data from each column of the parametric study was compiled in a summary table to 
better illustrate the effect of using mechanical bar couplers in the plastic hinge region of 
bridge columns.  Tables 3-7 and 3-8 present the displacement ductility of the CIP and 
spliced columns from all 405 pushover analyses.  The difference in the displacement 
ductility between each spliced column and its corresponding CIP column was also 
included in the table for comparison.  A positive percent difference indicates a reduction 
in the displacement capacity for the spliced column. 
As overall trends, the bar couplers seem to affect the spliced column behavior in the 
same manner regardless of the section geometry.  Columns with high axial load indices 
and high aspect ratios seem to be less affected by the couplers since those columns tend 
to fail by geometric nonlinearities rather than the coupler effects.   
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Table 3-7. Summary of Circular Column Parametric Study 
 
Note:  “AR” refers to the aspect ratio, “ALI” refers to the column axial load index, “D” refers to the displacement ductility capacity, “CIP” refers to the 
reference columns, “HR” refers to the headed reinforcement couplers, “Lsp” is the coupler length, “β” is the coupler rigid length factor, “TH” refers to the 
threaded couplers, “SW” refers to the swaged couplers, “GS” refers to the grouted couplers, and “HY” refers to the hybrid couplers; 1 in. = 25.4 mm.   
AR4-ALI5-D3 2.97 2.90 2.26% 2.68 9.75% 2.69 9.41% 2.47 16.63% 2.09 29.61% 2.19 26.14% 2.42 18.52% 2.40 19.12%
AR4-ALI5-D5 4.91 4.59 6.44% 4.60 6.28% 4.48 8.78% 4.08 16.83% 3.66 25.41% 4.10 16.46% 4.02 18.01% 4.02 18.09%
AR4-ALI5-D7 6.90 5.01 27.32% 4.96 28.16% 4.73 31.40% 4.30 37.65% 3.81 44.77% 4.30 37.71% 4.19 39.21% 4.20 39.16%
AR4-ALI10-D3 3.02 2.64 12.52% 2.42 19.72% 2.43 19.62% 2.01 33.53% 1.88 37.77% 1.94 35.88% 1.96 34.96% 1.91 36.65%
AR4-ALI10-D5 4.94 4.63 6.22% 4.51 8.67% 4.01 18.84% 3.62 26.75% 3.32 32.73% 3.69 25.23% 3.54 28.27% 3.55 28.06%
AR4-ALI10-D7 7.06 6.19 12.28% 6.28 11.10% 5.59 20.79% 4.63 34.44% 4.26 39.64% 4.65 34.17% 4.47 36.71% 4.50 36.30%
AR4-ALI15-D3 3.06 2.21 27.73% 2.39 21.64% 2.27 25.70% 1.90 37.81% 1.83 40.10% 1.85 39.48% 1.86 39.18% 1.84 39.80%
AR4-ALI15-D5 5.10 4.68 8.16% 4.35 14.61% 4.23 17.14% 3.58 29.81% 3.07 39.73% 3.53 30.71% 3.40 33.36% 3.46 32.20%
AR4-ALI15-D7 7.00 6.07 13.32% 5.81 16.94% 5.45 22.11% 4.72 32.61% 4.11 41.29% 4.60 34.26% 4.39 37.20% 4.55 34.94%
AR6-ALI5-D3 3.01 2.65 11.99% 2.59 14.11% 2.55 15.41% 2.42 19.56% 1.97 34.56% 2.01 33.23% 2.35 22.14% 2.33 22.81%
AR6-ALI5-D5 5.08 4.35 14.38% 4.31 15.05% 4.23 16.73% 3.92 22.78% 3.45 31.96% 3.88 23.59% 3.82 24.71% 3.83 24.51%
AR6-ALI5-D7 7.06 5.28 25.15% 5.31 24.79% 5.16 26.85% 4.70 33.32% 4.04 42.81% 4.41 37.56% 4.45 36.97% 4.44 37.14%
AR6-ALI10-D3 3.05 2.20 28.02% 2.47 19.11% 2.42 20.71% 2.29 24.98% 1.83 40.18% 1.84 39.79% 1.97 35.30% 2.17 28.97%
AR6-ALI10-D5 4.98 4.81 3.26% 4.65 6.47% 4.54 8.74% 3.61 27.36% 3.23 35.04% 3.57 28.24% 3.50 29.67% 3.53 29.07%
AR6-ALI10-D7 6.81 6.75 0.95% 6.77 0.63% 6.84 -0.41% 5.50 19.26% 4.50 33.98% 4.83 29.08% 4.86 28.67% 4.95 27.36%
AR6-ALI15-D3 2.95 2.15 27.04% 2.16 26.74% 2.08 29.39% 1.69 42.65% 1.66 43.71% 1.63 44.83% 1.67 43.47% 1.64 44.21%
AR6-ALI15-D5 5.07 4.99 1.64% 4.77 6.01% 4.68 7.83% 4.15 18.22% 3.28 35.35% 3.59 29.20% 3.84 24.39% 3.98 21.45%
AR8-ALI5-D3 3.01 2.65 11.90% 2.60 13.76% 2.59 13.96% 2.49 17.15% 2.27 24.53% 2.11 29.74% 2.43 19.24% 2.40 20.27%
AR8-ALI5-D5 4.98 4.23 15.11% 4.16 16.56% 4.18 16.06% 3.94 21.00% 3.55 28.82% 3.87 22.32% 3.84 22.84% 3.84 22.86%
AR8-ALI5-D7 6.64 5.72 13.95% 5.73 13.83% 5.68 14.48% 5.24 21.09% 4.49 32.41% 4.76 28.34% 4.98 25.12% 4.94 25.72%
AR8-ALI10-D3 2.98 2.39 19.84% 2.31 22.36% 2.29 23.16% 2.19 26.59% 1.72 42.26% 1.71 42.63% 1.84 38.17% 1.82 38.84%
AR8-ALI15-D3 3.00 3.07 -2.43% 3.10 -3.27% 3.14 -4.57% 3.23 -7.60% 2.81 6.27% 3.08 -2.60% 3.26 -8.53% 3.17 -5.67%
CIP 
Ductility 
(µ)
Circular 
Column ID
β = 1.65
THT
L sp = 4.23 in.
β = 1.05 β = 0.95
HR
L sp = 3.75 in.
β = 0.55
TH
L sp = 2.76 in.
Right Column: Ductility Reduction Compard to CIP in %
HYD
L sp = 11.81 in.
Left Column: Ductility, 
β = 0.85
HYE
L sp = 10.82 in.
β = 0.8
GSN
L sp = 17.91 in.
β = 0.85
GSD
L sp = 17.99 in.
β = 0.65
SW
L sp = 8.30 in.
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Table 3-8. Summary of Square Column Parametric Study 
 
Note:  “AR” refers to the aspect ratio, “ALI” refers to the column axial load index, “D” refers to the displacement ductility capacity, “CIP” refers to the 
reference columns, “HR” refers to the headed reinforcement couplers, “Lsp” is the coupler length, “β” is the coupler rigid length factor, “TH” refers to the 
threaded couplers, “SW” refers to the swaged couplers, “GS” refers to the grouted couplers, and “HY” refers to the hybrid couplers; 1 in. = 25.4 mm.   
 
AR4-ALI5-D3 3.13 2.57 18.02% 3.05 2.40% 3.02 3.45% 2.45 21.76% 2.65 15.47% 2.35 24.86% 2.38 24.00% 2.35 24.77%
AR4-ALI5-D5 4.98 4.53 9.15% 4.66 6.40% 4.22 15.28% 3.83 23.13% 3.78 24.21% 3.57 28.37% 3.74 24.85% 3.72 25.34%
AR4-ALI5-D7 7.00 6.03 13.94% 5.07 27.65% 5.01 28.47% 4.49 35.88% 4.14 40.92% 4.66 33.44% 4.37 37.55% 4.56 34.84%
AR4-ALI10-D3 3.02 2.33 22.78% 2.84 5.83% 2.68 11.26% 2.03 32.78% 2.31 23.48% 1.95 35.53% 2.01 33.48% 1.99 34.27%
AR4-ALI10-D5 4.93 5.25 -6.41% 4.50 8.70% 4.47 9.39% 3.99 19.02% 3.77 23.52% 4.06 17.66% 3.89 21.15% 3.99 19.02%
AR4-ALI10-D7 6.83 5.62 17.72% 5.11 25.20% 4.99 26.93% 4.60 32.68% 4.17 38.92% 4.74 30.53% 4.51 33.99% 4.59 32.79%
AR4-ALI15-D3 2.98 2.41 19.13% 2.23 25.13% 1.82 39.09% 1.76 40.97% 1.94 34.80% 1.75 41.44% 1.77 40.54% 1.75 41.41%
AR4-ALI15-D5 5.02 4.64 7.61% 4.41 12.09% 4.33 13.73% 3.91 22.12% 3.70 26.28% 4.03 19.73% 3.85 23.31% 3.90 22.22%
AR4-ALI15-D7 6.90 5.71 17.27% 5.04 26.88% 4.87 29.38% 4.50 34.77% 4.24 38.60% 4.75 31.16% 4.44 35.67% 4.54 34.23%
AR6-ALI5-D3 3.17 3.48 -9.79% 3.18 -0.60% 3.12 1.30% 2.77 12.58% 3.27 -3.32% 2.30 27.30% 2.35 25.69% 2.65 16.15%
AR6-ALI5-D5 5.04 5.00 0.75% 4.28 15.03% 4.30 14.59% 4.22 16.12% 4.08 18.96% 3.85 23.65% 4.07 19.22% 3.80 24.58%
AR6-ALI5-D7 6.84 6.71 1.87% 6.57 3.89% 6.22 9.01% 5.46 20.20% 4.44 35.04% 5.09 25.52% 5.08 25.67% 5.24 23.44%
AR6-ALI10-D3 3.08 2.85 7.49% 2.90 5.87% 2.78 9.76% 2.03 34.16% 2.73 11.45% 1.95 36.75% 1.97 36.23% 1.94 37.04%
AR6-ALI10-D5 4.96 4.70 5.30% 4.91 0.99% 4.62 6.95% 4.08 17.88% 3.61 27.29% 4.02 18.96% 3.94 20.64% 3.92 20.94%
AR6-ALI10-D7 6.94 7.32 -5.46% 7.04 -1.48% 6.73 3.03% 6.47 6.80% 5.45 21.43% 5.99 13.63% 6.03 13.05% 6.30 9.19%
AR6-ALI15-D3 2.71 1.85 31.72% 2.25 17.05% 2.17 20.00% 1.63 39.83% 1.58 41.68% 1.57 42.30% 1.63 40.06% 1.60 40.94%
AR6-ALI15-D5 4.92 4.99 -1.26% 4.73 3.98% 5.72 -16.25% 5.12 -4.02% 4.54 7.86% 5.10 -3.51% 4.95 -0.61% 5.08 -3.17%
AR8-ALI5-D3 3.18 3.18 -0.16% 3.19 -0.44% 3.25 -2.20% 2.97 6.39% 2.27 28.46% 2.35 26.07% 2.84 10.74% 2.78 12.56%
AR8-ALI5-D5 5.05 4.96 1.84% 5.56 -10.04% 5.56 -10.14% 4.49 11.01% 3.57 29.28% 3.95 21.73% 4.78 5.31% 4.04 19.99%
AR8-ALI5-D7 6.99 7.32 -4.66% 6.88 1.55% 6.95 0.54% 5.97 14.64% 4.62 33.86% 5.38 23.10% 5.51 21.20% 5.65 19.21%
AR8-ALI10-D3 3.04 2.80 8.12% 2.74 10.09% 2.75 9.66% 1.92 36.92% 1.83 39.84% 1.86 38.95% 1.90 37.67% 1.88 38.23%
AR8-ALI10-D5 5.05 4.61 8.81% 5.12 -1.27% 5.05 0.12% 4.42 12.45% 3.72 26.27% 4.26 15.58% 4.23 16.25% 4.36 13.74%
AR8-ALI15-D3 3.04 2.88 5.29% 2.57 15.58% 2.43 20.01% 2.28 25.04% 1.67 45.28% 1.70 44.04% 1.81 40.52% 1.77 41.90%
β = 0.85 β = 0.8
HYD HYE
L sp = 3.75 in. L sp = 2.76 in. L sp = 4.23 in. L sp = 8.30 in. L sp = 17.91 in. L sp = 17.99 in. L sp = 11.81 in. L sp = 10.82 in.
Square 
Column ID
Right Column: Ductility Reduction Compard to CIP in %
HR TH THT SW GSN GSD
Left Column: Ductility, CIP 
Ductility 
(µ)
β = 0.55 β = 1.65 β = 1.05 β = 0.95 β = 0.85 β = 0.65
The data from these tables were presented in graphs (Fig. 3-51 and 3-52) to visualize 
how varying the coupler properties affect the column displacement ductility capacity.  
The coupler length was normalized to the column longitudinal bar diameter and was 
presented as horizontal axis.  Furthermore, the spliced column ductilities were 
normalized to their corresponding CIP ductilities and were presented as the vertical axis.  
Tazarv and Saiidi (2016) proposed an equation (Eq. 3-1) to predict the ductility loss for 
mechanically spliced columns.  This equation was also included in the graphs using two 
marginal β factors of 0.65 and 1.0.  The lower bound Beta was the lowest measured in all 
No. 10 (32-mm) bar couplers tested by Dahal et al. (2019), and the upper bound value 
indicates that the full length of a coupler is rigid thus the coupler does not contribute to 
the splice strains.  Note that results for spliced columns with a displacement capacity 
larger than that in CIPs were considered as outlier thus were removed from the graphs.  A 
linear trendline was also included for each target ductility.   
𝜇𝜇𝑠𝑠𝑠𝑠
𝜇𝜇𝐶𝐶𝐶𝐶𝐶𝐶
= (1 − 0.18𝛽𝛽)(
𝐻𝐻𝑠𝑠𝑠𝑠
𝐿𝐿𝑠𝑠𝑠𝑠
)0.1𝛽𝛽 (Eq. 3-1) 
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Figure 3-51. Summary Plot for Circular Columns 
 
Figure 3-52. Summary Plot for Square Columns 
 
It can be seen that as the coupler rigid length factor or the coupler length increases, 
the column displacement ductility generally decreases.  Regardless of the column cross 
section, couplers could reduce the column displacement ductility capacity up to 45%.  
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The majority of the data points were above the design lines (based on Eq. 3-1) indicating 
that the design equation is conservative.  Furthermore, the data shows that columns 
utilizing short couplers can exhibit a displacement capacity that is close to that of 
unspliced columns.  For example, the AR6-ALI5-D5 square column spliced with the HR 
coupler showed less than 1% lower displacement ductility capacity when compared with 
the corresponding CIP column. 
3.5 Summary  
A parametric study was performed to determine the effect of using mechanical bar 
splices in the plastic hinge region of precast columns with square and circular cross-
sections.  A model was constructed and verified using the test data collected from the 
literature.  Twenty-two CIP columns with circular cross-sections and twenty-three CIP 
columns with square cross-sections were designed as the reference models.  
Subsequently, eight coupler types were used at the base of the CIP columns to make them 
precast.  A total of 405 pushover analyses were performed on unspliced and spliced 
columns.  The pushover analyses showed that spliced columns generally exhibit lower 
displacement capacity compared with that of unspliced columns.  As the coupler length 
or the coupler rigid length increases, the displacement capacity decreases.  This trend was 
seen for columns with either circular or square cross sections.  Couplers may reduce the 
column displacement ductility capacity up to 45%.  Furthermore, it was found that the 
design equation proposed by Tazarv and Saiidi (2016) is conservative and may be used 
for the design of mechanically spliced columns. 
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Chapter 4. Seismic Demands on 
Mechanically Spliced Columns 
 
 
 
 
4.1 Introduction 
The displacement capacity of bridge columns incorporating mechanical bar couplers 
in the plastic hinge region was analytically investigated in the previous chapter and also 
in some experimental studies (e.g. Haber et al, 2013; Tazarv and Saiidi, 2014; and Ameli 
and Pantelides, 2016).  Nevertheless, no previous study has investigated the seismic 
demands of mechanically spliced bridge columns. 
A comprehensive parametric study was conducted in the present analytical work to 
determine the effect of nine mechanical bar couplers on the displacement demand of 
precast bridge columns in high seismic regions.  Six columns with a circular cross-section 
and six columns with a square cross-section were selected from the previous chapter.  All 
columns selected for the dynamic analysis were designed to exhibit a displacement 
ductility capacity of 7, which means columns were highly ductile.  The aspect ratio and 
the axial load index of the columns were varied to include a wide range of columns in the 
analysis.  Five synthetic ground motions were produced for a magnitude 7.5 earthquake 
matching the design spectrum.  A finite element model was constructed, verified, and 
dynamic analysis was performed for each column-coupler combination using the 
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validated model.  This chapter discusses the selected columns, modeling methods, and 
the results of the parametric dynamic study. 
4.2 Columns Selected for Analysis 
The overall goal of this study is to determine how incorporating mechanical bar 
couplers in the plastic hinge region of precast bridge columns affects seismic 
displacement demand.  The conventional cast-in-place (CIP) columns designed in the 
previous chapter for ductility (D or µ) equal to 7 were selected for analysis since these 
columns are most fit for use in high seismic regions.  The aspect ratio (AR) of the 
columns were varied at 4, 6, and 8 and the axial load index (ALI) was varied at 5%, 10%, 
and 15%.  Note that twelve combinations were feasible per section type by varying the 
column parameters.  However, some of the tall column models with high axial loads 
could not be analyzed due to convergence issues when P-Δ effects were included as noted 
in the previous chapter.  Table 4-1 presents the columns selected for the dynamic study.  
This table also includes the displacement ductility capacity for the conventional CIP 
reference columns from the static pushover analysis conducted in the previous chapter.  
The properties of the nine coupler products, also discussed in the previous chapter (Table 
3-4, were adopted from Dahal et al. (2019).  Note that these columns were not designed 
for a specific site or a set of earthquake motions but were designed to achieve a ductility 
of seven as discussed earlier.  
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Table 4-1. Bridge Columns selected for Dynamic Analysis 
Column ID Section Geometry 
Displacement 
Ductility 
Capacity 
Drift Ratio 
Capacity (%) 
AR4-ALI5-D7 Circular 6.90 4.62 
AR4-ALI10-D7 Circular 7.06 4.45 
AR4-ALI15-D7 Circular 7.00 4.41 
AR6-ALI5-D7 Circular 7.05 6.56 
AR6-ALI10-D7 Circular 6.81 5.86 
AR8-ALI5-D7 Circular 6.64 7.64 
AR4-ALI5-D7 Square 7.00 4.27 
AR4-ALI10-D7 Square 6.83 4.03 
AR4-ALI15-D7 Square 6.90 4.07 
AR6-ALI5-D7 Square 6.84 5.95 
AR6-ALI10-D7 Square 6.94 5.55 
AR8-ALI5-D7 Square 6.99 7.48 
 
4.3 Dynamic Modeling Methods for Bridge Columns 
As mentioned above, no dynamic test was done on mechanically spliced bridge 
columns.  Nevertheless, previous analytical studies have successfully simulated the 
dynamic response of large- and full-scale columns under shake-table testing.  A study by 
Tazarv and Saiidi (2013) was selected for further investigation since their proposed 
modeling method can simulate both the peak and residual displacements of the column 
with good accuracy.  First, this verified model is briefly discussed then modeling details 
regarding the CIP and mechanically spliced columns of the present study are presented. 
4.3.1 Verified Dynamic Modeling Method for Conventional RC Columns 
Figure 4-2 shows the measured response of a shake table test conducted on a full-
scale reinforced concrete (RC) bridge column conducted at the University of California, 
San Diego (UCSD).  This measured response was used by Tazarv and Saiidi (2013) to 
develop and validate an analytical model that can be used to predict the nonlinear 
response of RC bridge columns subjected to seismic loading.  Figure 4-1 shows 
schematic (Fig. 4-1a) and cross-section (Fig. 4-1c) of the UCSD column.  The UCSD had 
an unbraced length of 24-ft (7.32-m) and a circular cross-section with a diameter of 4-ft 
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(1.22-m).  A concrete block was constructed at the top to simulate mass.  The block 
weighed a total of 501.6 kips (2231.2-kN) resulting in an axial load index of 
approximately 5%.  The column was constructed with eighteen No.11 (36-mm) 
longitudinal reinforcing bars.  The core was confined with No.5 (16-mm) hoops at 6-in 
(152-mm).  All steel reinforcement was ASTM A706 Gr.60 (414-MPa).  The measured 
yield strength and ultimate strength of the steel reinforcement was 75.2-ksi (518.5-MPa) 
and 102.4-ksi (706-MPa), respectively.  The concrete compressive strength measured on 
test day was 5.93-ksi (40.9-MPa). 
Tazarv and Saiidi created a three-dimensional finite element model in Opensees 
(2016).  The model had four-nodes and three elements to model the footing, column and 
column head (See Fig. 4-1b).  The footing and column head were modeled as elastic 
elements.  The column was modeled as a “BeamWithHinges” element.  This element has 
a plastic hinge at each end and is linear elastic between.  A fiber section with a core and 
cover section was used to model the column.  The core was discretized into ten-radial by 
ten-circumferential fibers of “Concrete02” material.  The core was discretized into ten-
radial by ten-circumferential fibers of “Concrete01WithSITC” material.  The core 
properties were calculated and using Mander’s Model (Mander et al., 1988).  The 
longitudinal steel was modeled as “ReinforcingSteel”.  All mass including forty percent 
of the column mass was lumped at the top node.  P-Δ effects were included.  The 
Rayleigh damping model was used to determine the damping properties of the column. 
The model was able to predict the peak and residual displacement of the UCSD 
column with reasonable accuracy.  Figure 4-2 shows the measured displacement history 
and the displacement history calculated by Tazarv and Saiidi’s model.  The model 
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underestimated the peak displacement by 14% and the residual displacement by 7%. Note 
the residual displacement was displacement was recorded as the average displacement 
over the last ten seconds of free vibration. 
 
(a) Column Geometry (unit: m) (b) Analytical Model (c) Column Section (unit: mm) 
Figure 4-1. UCSD Shake-Table Testing of Full-Scale RC Column (Tazarv and Saiidi, 2013) 
 
Figure 4-2. Measured and Calculated Displacement Histories of UCSD RC Column Model 
only under EQ5 with EIeff =39% and Damping Ratio 3.0% (Tazarv and Saiidi, 2013) 
 
It was determined that the model proposed by Tazarv and Saiidi (2016) were able to 
predict the peak and residua displacements with reasonable accuracy.  Thus, this verified 
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model was adopted for dynamic analyses of both CIP and mechanically spliced columns 
as detailed in the following sections. 
4.3.2 Details of Dynamic Modeling Methods for CIP and Spliced Columns 
Based on the verified modeling methods proposed by Tazarv and Saiidi (2013), a 
three-dimensional fiber-section finite element model with six degrees of freedom was 
constructed in OpenSees (2016) to simulate the behavior of unspliced and spliced bridge 
columns.  The columns were subjected to ground motions at the base and the column 
nonlinear force and displacement response histories were obtained.   
Figure 4-3 shows a schematic view of the analytical model for both unspliced and 
spliced columns.  A single “beamWithHinges” element was used to model the entire 
length of each column.  The effect of couplers can be incorporated into the model by only 
varying the analytical plastic hinge length for each spliced column.  Note this modeling 
technique is different than what was used in the previous chapter in which the coupler 
length, location, and properties were directly included in the analysis.  The axial load was 
applied at the top node and P-D effect were included in all analysis. 
The longitudinal reinforcement was modeled using a uniaxial material model named 
“ReinforcingSteel”.  All bars were assumed to be No. 10 (32-mm diameter) ASTM A706 
Grade 60 (414 MPa) reinforcing steel bars.  The AASHTO expected mechanical 
properties (AASHTO, 2014) for these bars can be found in Table 3.3.  These 
reinforcement properties were used for the full length of the column. 
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Figure 4-3.  Bridge Column Analytical Model for Dynamic Analysis 
 
4.3.2.1 Modeling of Circular Sections for Dynamic Analysis 
The diameter of all circular columns was 4-ft (1.22-m).  The core concrete was 
discretized into 30×10 fibers (as schematically shown in Fig. 4-3) and “Concrete01” 
material model was used for these fibers.  The cover concrete was discretized into 10×10 
fibers, which were modeled using the “Concrete01” material model.  Clear cover defined 
as the distance between the column surface to the exterior of the confining reinforcement 
was 2-in. (51 mm).  Steel hoops conforming to the ASTM A706 Grade 60 (414 MPa) 
(2009) requirements were used to confining the circular sections.  The confinement 
properties of the core concrete were calculated using the model proposed by Mander et 
al. (1988).  The cover concrete compressive strength for was set at 5-ksi (34 MPa).  The 
columns were longitudinally reinforced with eighteen No. 10 (32-mm) ASTM A706 
Grade 60 (414 MPa) reinforcing bars resulting in a longitudinal reinforcement ratio (𝜌𝜌𝐿𝐿) 
of 1.26%.  Note that section design was not varied for the spliced and unspliced columns. 
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L
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4.3.2.2 Modeling of Square Sections for Dynamic Analysis 
The side dimension of all square columns was set at 4-ft (1.22-m).  The core concrete 
was discretized into 16×16 rectangular fibers (as schematically shown in Fig. 4-3).  The 
core patch began at the center of the column and extended outward ending at the center of 
the outer ring of confining reinforcement.  The cover concrete at each side of the section 
was discretized into 16×4 fibers.  The inner boundary of the cover patches was set at the 
center of the outer ring confining reinforcement.  “Concrete01” material was used for 
both the core and cover concrete fibers. 
The unconfined compressive strength of the concrete was set at 5-ksi (34-MPa).  The 
core concrete properties were calculated using the Mander’s model (Mander et al., 1988).  
Four ASTM A706 Gr. 60 (414-MPa) reinforcing bars (legs) were used in each direction 
as the confining reinforcement.  The size and spacing of the confining reinforcement 
were varied to achieve the desired ductility for each column.  Twenty-four No. 10 (32-
mm) ASTM A706 Grade 60 (414-MPa) reinforcing steel bars evenly distributed around 
the section were used as the longitudinal reinforcement in each column resulting in a 
longitudinal reinforcement ratio (𝜌𝜌𝐿𝐿) of 1.32%.   
4.3.3 Analytical Plastic Hinge Length for Unspliced and Spliced Columns 
The analytical plastic hinge length (Lp) is the equivalent length of the column over 
which the plastic curvature is assumed constant (AASHTO, 2014).  The analytical plastic 
hinge length is used to estimate the plastic rotation and the deformation capacity of 
bridge columns under excessive loading.  Equation 4-1 can be used to estimate the 
analytical plastic hinge length for conventional unspliced bridge columns as specified by 
AASHTO (2014) and is adopted in the present study for CIP columns.   
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𝐿𝐿𝑠𝑠 = 0.08𝐿𝐿 + 0.15𝑓𝑓𝑦𝑦𝑦𝑦𝑑𝑑𝑏𝑏𝑏𝑏 ≥ 0.3𝑓𝑓𝑦𝑦𝑦𝑦𝑑𝑑𝑏𝑏𝑏𝑏 (Eq. 4-1) 
 
Where, “Lp” is the analytical plastic hinge length in inches, “L” is the unbraced column 
length in inches, “fye” is the expected yield strength of the reinforcement, “dbl” refers to 
the longitudinal bar diameter. 
 
Tazarv and Saiidi (2016) modified the AASHTO equation to estimate the analytical 
plastic hinge length of mechanically spliced columns based on the coupler rigid length 
factor (β), the coupler length (Lsp), and the location of the coupler (Hsp) as Lpsp.  Th 
equation proposed by Tazarv and Saiidi is shown in Equation 4-2. 
𝐿𝐿𝑠𝑠
𝑠𝑠𝑠𝑠 = 𝐿𝐿𝑠𝑠 − (1 −
𝐻𝐻𝑠𝑠𝑠𝑠
𝐿𝐿𝑠𝑠
)𝛽𝛽𝐿𝐿𝑠𝑠𝑠𝑠 ≤ 𝐿𝐿𝑠𝑠 (Eq. 4-2) 
Where, “Lpsp” is the modified analytical plastic hinge length in inches, “Lp” is the 
analytical plastic hinge length from Eq. 4-1 “β” is the coupler rigid length factor, “Hsp” Is 
the height of the coupler from the base in inches, and “Lsp” is the splice length in inches. 
 
This equation (Eq. 4-2) assumes that the rigid portion of the coupler does not 
contribute to the plastic lateral deformation thus can be subtracted from the analytical 
plastic hinge length of unspliced columns (Eq. 4-1).  The two equations were used in the 
present study to investigate the dynamic performance of conventional CIP and 
mechanically spliced columns using the analytical plastic hinge length as shown in Fig. 
4-3.  Table 4-2 presents the analytical plastic hinge lengths for unspliced and spliced 
columns with different coupler products.  Even though the coupler height (Hsp) (Fig. 3-4) 
could be set to zero in the calculation of the analytical plastic hinge length for spliced 
columns, it was decided to use 0.05-in. (0.14 cm) to match the model constructed for the 
pushover analysis.   
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Table 4-2. Analytical Plastic Hinge Length for Unspliced and Spliced Columns 
Column Aspect Ratio AR 4 AR 6 AR 8 
Column Length, in. (cm) 192 (487.7) 288 (731.5) 384 (975.4) 
Lp, in. (cm);  
Used for Unspliced Columns 28.31 (71.91) 35.99 (91.41) 43.67 (110.92) 
Lpsp, in. (cm) 
Used for Spliced 
Columns 
HR 26.28 (66.75) 33.96 (86.26) 41.64 (105.77) 
TH 23.84 (60.55) 31.52 (80.06) 39.20 (99.57) 
THT 23.93 (60.78) 31.61 (80.29) 39.29 (99.80) 
SW 20.48 (52.02) 28.16 (71.53) 35.84 (91.03) 
GSN 13.13 (33.35) 20.81 (52.86) 28.49 (72.36) 
GSD 16.65 (42.29) 24.33 (61.80) 32.01 (81.31) 
HYD 18.32 (46.53) 26.00 (66.04) 33.68 (85.55) 
HYE 19.70 (50.04) 27.38 (69.55) 35.06 (89.05) 
Note:  “AR” refers to the aspect ratio, “HR” refers to the headed reinforcement couplers, 
“TH” refers to the threaded couplers, “SW” refers to the swaged couplers, “GS” refers to the 
grouted couplers, and “HY” refers to the hybrid couplers.  Refer to Table 3-2 regarding the 
coupler products.   
 
4.3.4 Effective Flexural Stiffness 
To better match with actual responses, AASHTO specifies that the flexural stiffness 
of bridge columns should be reduced based on cracked section properties (EcIeff).  The 
stiffness of the columns in the lumped plasticity element chosen for analysis (Fig. 4-3) 
follows this requirement.  Note the reduction of the column lateral stiffness is not needed 
for distributed plasticity models (like that discussed in Ch. 3) since the nonlinearity is 
distributed along the length of the member.  Figure 4-4 can be used to find the column 
effective stiffness using the gross flexural stiffness, the column longitudinal 
reinforcement ratio, and the column axial load.  Table 4-3 presents a summary of the 
effective stiffness ratios used in this study for unspliced and spliced columns. 
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a) Circular Sections b) Square Sections 
Figure 4-4. Effective Flexural Stiffness of Cracked Reinforced Concrete Sections (AASHTO, 2014) 
Table 4-3. Column Effective Stiffness 
Section Geometry 
Elastic Stiffness Ratio (Ieff/Ig) 
ALI 5% ALI 10% ALI 15% 
Circular 0.36 0.38 0.41 
Square 0.38 0.40 0.42 
Note: “ALI” refers to the Axial Load Index of the column. 
 
4.3.5 Mechanically Spliced Column Dynamic Modeling Method Verification 
It was discussed that there is currently no shake-table test data in the literature on 
mechanically spliced columns.  However, the analytical model discussed in Sec. 4.3 is 
versatile and may be used for the dynamic analysis of both unspliced and spliced 
columns.  Tazarv and Saiidi (2013) have shown that this model is valid for nonlinear 
dynamic analyses of unspliced columns and results in a good match between the 
measured and calculated responses.  As a minimum, it is needed to evaluate the overall 
accuracy of the proposed dynamic model for mechanically spliced columns tested under 
slow cyclic loads, the only type of test data that is available.   
Haber et al. (2014) tested a half-scale circular precast column that used grouted 
couplers at the base to connect the column to the foundation.  The column, which was 
labeled as “GCNP”, test data was used to verify the proposed modeling method discussed 
above.  Table 4-4 presents the key parameters of the analytical model such as the column 
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geometry and the material properties.  An analytical model like that discussed in Sec. 
4.3.2 was developed for GCNP.  The measured properties of steel bars and concrete were 
used in the analysis.  The coupler stress-strain behavior was estimated based on a Beta 
that was calculated using tensile test results for the No. 8 (25-mm) grouted coupler used 
in GCNP.  The coupler effect was incorporated into the model by using the modified 
analytical plastic hinge length (Eq. 4-2).  Similarly, the flexural stiffness of the column 
was modified based on the process described in Sec. 4.3.4. 
Table 4-4. Key Parameters of GCNP (Haber et al. 2014) Used in Dynamic Model Verification 
General Properties 
Section Geometry Circular 
Column Height, ft (m) 9 (2.74) 
Column Diameter, ft (m) 2 (0.61) 
Longitudinal Reinforcement 11 - No. 8 (25.4-mm) Bars 
Cover, in. (mm) 1.75 (44.5) 
Axial Load, kips (kN) 208 (925) 
Axial Load Index 10.88% 
Steel Reinforcement Properties 
Measured Yield Strength, ksi (MPa) fy = 66.8 (460.6) 
Measured Ultimate Strength, ksi (MPa) fu = 111.3 (767.4) 
Ultimate Strain εu = 0.09 
Young's Modulus, ksi (MPa) E = 29,000 (200,000) 
Cover Concrete Properties 
Measured Unconfined Compressive Strength, psi (MPa) f'c = 4228.0 (29.2) 
Strain at Peak Stress εc = 0.002 
Ultimate Concrete Strain εu = 0.005 
Core Concrete Properties (Mander et al., 1988) 
Confining Reinforcement, in (mm) No. 3 bars (10) Spirals @ 2-in (51) Pitch 
Calculated Confined Compressive Strength, psi (MPa) f'cc = 6384.0 (44.0) 
Calculated Strength at Ultimate Strain, psi (MPa) f'cu  = 5945.6 (41.0) 
Calculated Strain at Peak Stress εcc = 0.0082 
Calculated Ultimate Concrete Strain εcu = 0.025 
Coupler and Plastic Hinge Properties 
Rigid Length Factor β = 0.7 
Coupler Length, in. (mm) Lsp = 14.57 (370) 
Spliced Plastic Hinge Length, in. (mm) Lpsp = 9.87 (251) 
Elastic Stiffness Ratio (Ieff/Ig) = 0.46 
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Figure 4-5 shows the measured and calculated force-drift relationships for GCNP.  
The initial stiffness was well estimated compared with that from the test and the lateral 
strength of the column was underestimated by 14%.  Furthermore, the column 
displacement capacity was estimated with a reasonable accuracy using the proposed 
method.  The actual grouted coupler column failed at a drift ratio of 5.95% while the 
analytical model estimated the column failure to be at a drift ratio of 5.32%, a 10.6% 
difference.  The proposed modeling method using the modified plastic hinge length to 
include the coupler effect can represent the behavior of mechanically spliced columns 
with reasonable accuracy.  Due to the lack of dynamic test data, this model may be used 
for the dynamic analysis of mechanically spliced columns.   
 
Figure 4-5. GCNP Force-Drift Comparison for Dynamic Model Verification 
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4.4 Ground Motions for Dynamic Analysis 
AASHTO LRFD (2014) allows the use of real or synthetic motions as the input of 
dynamic analysis.  Since the real ground motion spectra exhibit sudden changes in a wide 
range of frequencies (e.g. Fig. 4-6), it is not feasible to find a set of motions that does not 
fail columns with different masses (Axial Load Index from 5% to 15%) under nonlinear 
dynamic analyses.  Therefore, it was decided to use a set of five synthetic motions 
matching the full design spectrum for a specific site. 
 
Figure 4-6. Pseudo Acceleration Spectra for 15 Near-Field Earthquakes Recommended by 
Backer (2007) 
 
Five artificial ground motions were produced based on the AASHTO design spectrum 
for downtown Los Angeles, CA, which is classified as Seismic Design Category (SDC) 
D, the highest seismicity.  “SeismoArtif” (2019) was used to produce the artificial ground 
motions in the analysis.  The motions were assumed to be near-field with VS30=310 m/s 
(1017 ft/s) and an epicenter of 10 km (6.2 miles).  The duration of each synthetic ground 
motion was 28.6 sec with a timestep of 0.01s.  Figure 4-7 shows the AASHTO design 
and the synthetic motion spectra, and Fig. 4-8 shows the synthetic ground motions. 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 0.5 1 1.5 2 2.5 3 3.5 4
S a
(g
)
Period  (s)
1971 San Fernando 1979 Imperial Valley
1979 Imperial Valley 1979 Imperial Valley
1987 Superstition Hill 1992 Landers
1994 Northridge 1994 Northridge
1994 Northridge 1994 Northridge
1994 Northridge 1995 Kobe, Japan
1999 Chi-Chi, Taiwan 1999 Chi-Chi, Taiwan
66 
 
 
Figure 4-7. AASHTO Design Spectrum for Downtown Los Angeles, CA and Spectra for 
Synthetic Motions 
  
a) Synthetic Ground Motion 1 (EQ1) b) Synthetic Ground Motion 2 (EQ2) 
  
c) Synthetic Ground Motion 3 (EQ3) d) Synthetic Ground Motion 4 (EQ4) 
 
e) Synthetic Ground Motion 5 (EQ5) 
Figure 4-8. Synthetic Ground Motions for Dynamic Analyses 
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4.4.1 Design Drift Demands 
The linear-elastic design-level drift demand for each column was calculated using the 
column natural period and the AASHTO design spectrum (Fig. 4-7).  Tables 4-5 and 4-6 
present a summary of the design drift demand for circular and square columns, 
respectively.  The design level drifts will be used later to compare with nonlinear drift 
demands.  The effective seismic weight (Weff) of each column was the axial load of that 
column plus 30% of the self-weight of the column.  Also included in the table is the 
natural period (Tn) of each column.   
Table 4-5. Column Design Drift Demands 
Column ID,  Section 
Geometry 
Column 
Length, ft (m) 
Weff,  
kips (kN) 
Tn,  
sec 
Design Drift 
Demand, % 
AR4-ALI5-D7,  Circular 16 (4.88) 464.45 (2065.9) 0.54 2.13 
AR4-ALI10-D7,  Circular 16 (4.88) 916.84 (4078.1) 0.74 2.92 
AR4-ALI15-D7,  Circular 16 (4.88) 1369.23 (6090.3) 0.88 3.43 
AR6-ALI5-D7,  Circular 24 (7.32) 470.49 (2092.7) 1.01 2.63 
AR6-ALI10-D7,  Circular 24 (7.32) 922.88 (4105.0) 1.37 3.58 
AR8-ALI5-D7,  Circular 32 (9.75) 476.51 (2119.5) 1.56 3.05 
AR4-ALI5-D7,  Square 16 (4.88) 591.36 (2630.4) 0.46 1.62 
AR4-ALI10-D7,  Square 16 (4.88) 1167.36 (5192.4) 0.63 2.48 
AR4-ALI15-D7,  Square 16 (4.88) 1743.36 (7754.5) 0.75 2.93 
AR6-ALI5-D7,  Square 24 (7.32) 599.04 (2664.5) 0.85 2.21 
AR6-ALI10-D7,  Square 24 (7.32) 1175.04 (5226.6) 1.17 3.05 
AR8-ALI5-D7,  Square 32 (9.75) 606.72 (2698.7) 1.31 2.57 
Note: “AR” refers to the aspect ratio, “ALI” refers to the column axial load index, “D” refers to the 
displacement ductility capacity, “Weff” refers to the effective seismic weight of the column and includes the 
axial load and 30% of the column self-weight, and “Tn” refers to the natural period.  The density of 
concrete was assumed to be 150 lb/ft3 (2403 kg/m3). 
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4.5 Results of Nonlinear Dynamic Analysis 
Six circular and six square columns were included in the analysis as the reference CIP 
columns.  Furthermore, eight coupler products were utilized at the base of each column to 
investigate the seismic demands of mechanically spliced columns.  Each column was 
subjected to the five synthetic ground motions as discussed in the previous section.  A 
total of 540 nonlinear dynamic analyses was performed in the present study using the 
verified dynamic model.  A summary of the results is presented herein. 
4.5.1 Seismic Demand Analysis Results for Circular Columns 
Figure 4-9 shows a sample of nonlinear dynamic analysis for circular AR4-ALI10-D7 
column including drift and force histories for all nine columns.  It can be seen that the 
drift response of all columns is very similar.  There are only slight variations between 
peaks and slight variations in residual drift between all columns.  Similarly, the force 
response of all columns is very similar.  It can be seen that spliced columns with longer 
couplers have the most variation from the force response of the unspliced columns.  In 
general, the force responses of the spliced columns were more extreme than the unspliced 
column leading to higher peaks in base shear. 
  
69 
 
 
(a) Drift Response History for Earthquake 2 
 
(b) Force Response History for Earthquake 2 
Figure 4-9. Sample Nonlinear Demand Analysis Results for Circular AR4-ALI10-D7 under EQ 2 
 
A similar analysis was performed for all other columns and only the peak responses 
were extracted, and the trend was established.  The peak drift response for each circular 
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motions were superimposed in a figure to better comment on the effect of couplers (see 
Fig. 4-10 to 4-15).  Also included in each figure is the CIP drift capacity and the CIP 
deign-level drift demand (Sd).  It can be seen that the seismic drift demands for the 
circular columns were less than the drift capacities for all runs except some of the spliced 
columns under earthquake 2.   
The graphs show that the drift response of the spliced columns is very similar to that 
for the CIP columns.  The maximum displacement deviation from the CIP response 
observed for any circular column was 7.23% for the AR4-ALI5-D7 column spliced with 
GSD couplers under EQ4.  Even though the peak response variations were insignificant, 
it was observed that the longest and shortest couplers such as GSN and HR caused the 
most variation in column displacement response while the couplers with a medium length 
such as TH and SW caused minimal variations.  Overall, couplers do not change the 
displacement demands of circular bridge columns when they are used in their plastic 
hinge regions.   
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Figure 4-10. Dynamic Drift Response of AR4-ALI5-D7 Circular CIP and Spliced Columns 
 
Figure 4-11. Dynamic Drift Response of AR4-ALI10-D7 Circular CIP and Spliced Columns 
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Figure 4-12. Dynamic Drift Response of AR4-ALI15-D7 Circular CIP and Spliced Columns 
 
Figure 4-13 Dynamic Drift Response of AR6-ALI5-D7 Circular CIP and Spliced Columns 
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Figure 4-14. Dynamic Drift Response of AR6-ALI10-D7 Circular CIP and Spliced Columns 
 
Figure 4-15. Dynamic Drift Response of AR8-ALI5-D7 Circular CIP and Spliced Columns 
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figure is the CIP drift capacity and the CIP deign-level drift demand (Sd).  It can be seen 
that the seismic drift demands for the square columns were less than the drift capacities 
thus the columns did not fail under the five ground motions and the results could be 
compared.   
The graphs show that the drift response of the spliced columns is very similar to that 
for the CIP columns.  The maximum displacement deviation from the CIP response 
observed for any circular column was 5.51% for the AR4-ALI5-D7 column spliced with 
HYE couplers under EQ2.  Even though the peak response variations were insignificant, 
it was again observed that the longest and shortest couplers such as GSN and HR caused 
the most variation in column displacement response while the couplers with a medium 
length such as TH and SW caused minimal variations.  Overall, couplers do not change 
the displacement demands of Square bridge columns when they are used in their plastic 
hinge regions.   
 
Figure 4-16. Dynamic Drift Response of AR4-ALI5-D7 Square CIP and Spliced Columns 
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Figure 4-17. Dynamic Drift Response of AR4-ALI10-D7 Square CIP and Spliced Columns 
 
Figure 4-18. Dynamic Drift Response of AR4-ALI15-D7 Square CIP and Spliced Columns 
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Figure 4-19. Dynamic Drift Response of AR6-ALI5-D7 Square CIP and Spliced Columns 
 
Figure 4-20. Dynamic Drift Response of AR6-ALI10-D7 Square CIP and Spliced Columns 
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Figure 4-21. Dynamic Drift Response of AR8-ALI5-D7 Square CIP and Spliced Columns 
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column normalized to the longitudinal bar diameter.  These plots show that columns 
spliced with couplers that have large rigid lengths tend to have slightly less peak drift 
demand than columns spliced with couplers with small rigid lengths 
It was found that six couplers caused peak drift demand among the eight total 
couplers analyzed for each run.  The HR spliced column caused the highest increase in 
peak drift demand among the eight spliced columns most often causing the highest 
increase in thirty-three of the sixty runs.  Followed by GSN, HYE, HYD, GSD, and THT 
causing the highest increase in peak drift demand ten, eight, four, three, and two times, 
respectively.  TH and SW did not cause the highest increase in peak drift demand for any 
run. 
In general, the addition of couplers did not have significant effect on the drift 
demands of bridge columns.  The low aspect ratio columns appeared to be affected 
slightly more than the columns with higher aspect ratios.  This is likely because the force-
drift behavior of slender columns is largely controlled by P-Δ effects and not coupler 
effects. 
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Table 4-6. Summary of Seismic Demand Analysis for Circular Columns 
Circular Column 
ID 
Earthquake 
Motion 
Peak CIP 
Drift (%) 
Maximum Increase 
in Demand 
Worst Case 
Coupler 
AR4-ALI5-D7 
EQ1 1.50 2.27% HR 
EQ2 2.90 2.92% HYE 
EQ3 1.98 0.79% HR 
EQ4 1.74 7.23% GSD 
EQ5 1.60 5.63% GSN 
AR4-ALI10-D7 
EQ1 2.80 1.89% HR 
EQ2 3.03 1.05% GSN 
EQ3 2.62 0.97% HR 
EQ4 2.23 2.25% HR 
EQ5 2.58 2.26% HR 
AR4-ALI15-D7 
EQ1 3.85 3.75% HYE 
EQ2 4.36 3.13% HR 
EQ3 3.22 1.03% HR 
EQ4 2.56 3.38% GSN 
EQ5 3.16 2.08% HYE 
AR6-ALI5-D7 
EQ1 2.55 -0.24% GSN 
EQ2 2.48 1.18% HYD 
EQ3 2.18 2.07% HR 
EQ4 2.16 -0.09% HR 
EQ5 2.32 1.08% HR 
AR6-ALI10-D7 
EQ1 3.72 1.58% HR 
EQ2 3.88 0.92% HR 
EQ3 3.88 3.06% HYE 
EQ4 3.29 1.47% GSD 
EQ5 2.61 5.10% GSD 
AR8-ALI5-D7 
EQ1 2.72 -1.90% HYD 
EQ2 3.06 1.44% HYE 
EQ3 2.30 2.16% HR 
EQ4 2.80 0.09% HR 
EQ5 2.00 -0.03% HR 
Note:  “AR” refers to the aspect ratio, “ALI” refers to the column axial load index, “D” refers to the 
displacement ductility capacity, “CIP” refers to the reference columns, “HR” refers to the headed 
reinforcement couplers, “Lsp” is the coupler length, “β” is the coupler rigid length factor, “GS” refers to the 
grouted couplers, and “HY” refers to the hybrid couplers; 1 in. = 25.4 mm.   
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Table 4-7. Summary of Seismic Demand Analysis for Square Columns 
Square 
Column ID 
Earthquake 
Motion 
Peak CIP 
Drift (%) 
Maximum Increase in 
Demand (%) 
Worst Case 
Coupler 
AR4-ALI5-D7 
EQ1 1.46 1.12 HR 
EQ2 1.60 5.51 HYE 
EQ3 1.68 1.38 HR 
EQ4 1.17 2.44 HR 
EQ5 1.72 0.57 HR 
AR4-ALI10-D7 
EQ1 1.90 1.79 HR 
EQ2 3.07 1.61 GSN 
EQ3 2.38 1.61 GSN 
EQ4 1.82 0.88 HYE 
EQ5 1.96 0.00 HYD 
AR4-ALI15-D7 
EQ1 2.92 1.58 HR 
EQ2 3.02 1.56 GSN 
EQ3 2.65 0.59 HR 
EQ4 2.33 2.30 HR 
EQ5 2.75 1.36 HR 
AR6-ALI5-D7 
EQ1 1.65 5.38 HR 
EQ2 2.27 1.87 GSN 
EQ3 1.67 2.39 GSN 
EQ4 1.64 3.14 HR 
EQ5 1.75 -0.07 HR 
AR6-ALI10-D7 
EQ1 2.86 1.94 HR 
EQ2 3.81 -1.19 THT 
EQ3 2.55 5.08 HYE 
EQ4 2.19 4.10 HR 
EQ5 2.25 -0.60 GSN 
AR8-ALI5-D7 
EQ1 2.34 0.66 HR 
EQ2 3.00 -0.14 HR 
EQ3 2.03 -0.58 THT 
EQ4 1.99 2.76 HR 
EQ5 2.14 0.35 HYD 
Note:  “AR” refers to the aspect ratio, “ALI” refers to the column axial load index, “D” refers to the 
displacement ductility capacity, “CIP” refers to the reference columns, “HR” refers to the headed 
reinforcement couplers, “Lsp” is the coupler length, “β” is the coupler rigid length factor, “GS” refers to the 
grouted couplers, and “HY” refers to the hybrid couplers; 1 in. = 25.4 mm.   
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Figure 4-22. Summary Plot of Seismic Demand Analysis of Circular Columns 
 
Figure 4-23. Summary Plot of Seismic Demand Analysis of Square Columns 
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4.6 Summary 
A nonlinear dynamic parametric study was performed to determine the effect of 
couplers on the seismic demand of bridge columns with square and circular cross-
sections.  A model was constructed and verified using the test data collected from the 
literature.  Six CIP columns with circular cross-sections and six CIP columns with square 
cross-sections, all with a displacement ductility capacity of seven, were adopted from the 
previous chapter.  Subsequently, eight coupler types were used at the base of the CIP 
columns to make them precast.  Bridge columns with low aspect ratio and high axial load 
index showed slightly increased displacement demand compared to column with higher 
aspect ratios and lower axial load indices.  A total of 540 seismic demand analyses were 
performed on unspliced and spliced columns.  These analyses showed that mechanical 
bar couplers have minimal effects on the displacement demands of bridge columns.  The 
results showed that couplers with medial lengths had the least effect on seismic demand.  
This trend was seen for columns with either circular or square cross sections.  Couplers 
may change the seismic displacement demands by up to 7.23%.  
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Chapter 5. Summary and Conclusions 
 
 
 
 
5.1 Summary 
Reinforcing bars can be connected using mechanical bar splices instead of traditional 
lap splices.  Bar couplers are advantageous for many reasons but are currently not 
allowed in the plastic hinge region of bridge columns due to a lack of knowledge how the 
couplers affect the seismic performance of bridge columns.   
A verified coupler material model and coupler mechanical properties were selected 
from the literature then two sets of analytical studies were carried out to determine how 
couplers affect the seismic displacement capacities and demands of bridge columns with 
varying cross-sections, aspect ratios, axial load indices, and ductilities.  The proposed 
modeling methods were verified against test data.  Nine couplers were selected for 
analysis.  A total of 405 pushover analyses and 540 dynamic analyses were carried out on 
mechanically spliced columns using the verified models.   
5.2 Conclusions 
The following conclusions were drawn from the analytical studies: 
• The pushover analyses showed that the coupler size and the “coupler rigid 
length factor” have the most impact on column performance when they are 
used at the column base.  The general trend was that columns’ displacement 
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capacities decreased as the coupler “rigid length factor” and the coupler length 
increased. 
• The pushover results showed that shorter columns and columns with higher 
ductilities are more affected by couplers.  
• It was observed that couplers will have minimal effect on columns with high 
aspect ratios because the force-drift behavior of slender columns is largely 
controlled by P-Δ effects and not coupler effects. 
• The nonlinear dynamic analyses showed that couplers have minimal effects on 
the seismic demand of concrete bridge column when incorporated at the base. 
• It was observed that in general, columns spliced with short couplers exhibited 
slightly higher displacement demands compared with conventional unspliced 
columns while columns spliced with long couplers showed slightly lower 
displacement demands compared to conventional columns. 
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